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Foreword 


The  Study  of  Travelling  Interplanetary  Phenomena  (STIP)  was  formally  estab- 
lished by  the  International  Council  of  Scientific  Union's  Special  Committee  on 
Solar-Terrestrial  Physics  (SCOSTEP)  In  August  1973  with  M.  Dryer  as  Convenor  and 
M.  A.  Shea  as  Secretary.  The  scientific  objectives  of  STIP  are  the  study  and 
search  fur  understanding  of  quiet  (l.e.  normal  or  background)  and  active  periods 
In  the  Interplanetary  medium.  The  concepts  of  Informal,  extemporaneous  Interdis- 
ciplinary research  are  continuously  emphasised,  and  these  concepts  have  proven  to 
be  extremely  successful  in  conducting  the  very  productive  studies  undertaken  by 
the  members. 

About  200  scientists  are  actively  participating  In  STIP,  their  Interests 
ranging  from  solar  physics  (Insofar  as  It  concerns  Che  Initiation  of  phenomena 
which  move  out  from  the  Sun)  to  the  observation  and  study  of  comets  and  planetary 
magnetospheres  and  Ionospheres.  Solar  radio  astronomy  and  Interplanetary  scintil- 
lations of  discrete  radio  sources,  solar  and  galactic  cosmic  rays,  solar  wind  plasma 
and  Interplanetary  magnetic  fields,  and  Interstellar  Interactions  are  among  the 
tuples  of  Interest. 

A number  of  subgroups  within  STIP  have  been  organized  and  are  headed  by 
coordinators  from  several  different  countries.  Almost  all  of  the  coordinators 
conduct  and  carry  out  Informal  studies,  quickly  and  efficiently  within  their  groups, 
with  a minimum  of  formalities.  Both  the  Informal  character  of  the  entire  STIP 
program  and  the  enthusiastic  response  to  the  Interdisciplinary  approach  of  the 
various  studies,  have  contributed  to  the  productivity  and  success  of  this  group 
over  the  past  four  years.  For  example,  two  scientific  sessions  devoted  to 
travelling  Interplanetary  phenomena  studies  were  held  In  conjunction  with  the 
XVni  COSPAR  Meeting  In  Varna,  Bulgaria  In  1975;  a special  Issue  of  SJws  Scieni'c 
Reviaue  was  published  In  1976  presenting  review  papers  on  the  August  1972  solar- 
terrestrial  phenomena;  and  four  special  periods  for  scientific  studies,  STIP 
Intervals  I,  11,  III,  and  IV,  have  been  designated,  with  selection  of  these  inter- 
vals based  upon  unique  opportunities  generated  by  Interplanetary  spacecraft  con- 
figurations. So  far  unique  observations  have  been  possible  during  STIP  Intervals 
II,  III,  and  IV,  primarily  because  of  the  solar  activity  (and  hence  related  Inter- 
planetary effects)  that  occurred  at  those  times. 

The  L.  D.  de  Kelter  Memorial  Symposium  on  the  Study  of  Travelling  Interplan- 
etary Phenomena  was  still  another  successful  activity  conducted  by  STIP  partici- 
pants. Held  In  conjunction  with  the  XX  COSPAR  Meeting  and  co-sponsored  by  SCOSTEP, 


ill 


COSPAR,  and  the  lAU,  the  aynpoalum  waa  naned  in  honor  of  the  memory  of  heen  Dirk 
de  Palter,  who  actively  encouraged  and  participated  In  the  organization  and  Initial 
actlvltlea  of  STIP. 

The  Proceedlnga  of  the  L.  D.  de  Falter  Memorial  Sympoelum  on  the  Study  of 
Travelling  Interplanetary  Phenomena  are  puhllahed  In  two  parta.  The  contributed 
papera  are  contained  In  thla  publication.  The  Invited  papera  have  been  publlahed 
In  the  book  Study  of  TtMOn/lliny  Intwrj'/.jnet.iri/  l'htiHivru^ru  '1^77,  alao  edited  by 
M.  A.  Shea,  D.  F.  Smart,  and  S.  T.  Wu,  publlahed  by  the  D.  Reldel  Publlahlng 
Company  of  Dordrecht,  Holland,  aa  Volume  71  of  their  Aatrophyalca  and  Space  Science 
Library,  Since  theae  two  publlcationa  are  complimentary  to  each  other,  we  feel 
It  la  appropriate  to  give  a Hating  of  the  topica  and  Individual  papera  publlahed 
In  the  volume  of  Invited  papera.  Theae  are  aa  followa: 

SOLAR  PHYSICS  AS  IT  CONCERNS  THE  STUDY  OF  TRAVKLLINC  INTERPUNETARY 
PHENOMENA  (STIP) 

Maaa  Eject  Iona  from  the  Solar  Corona  Into  Interplanetary  Space 
HiUtnev 

Energetic  Solar  Flare  Part  Idea  and  Interplanetary  Shock  Wavea 
H.  P.  Lin 

Dynamic  Modeling  of  Coronal  and  Interplanetary  Keaponaea  to  Solar  Eventa 

S.  T.  Mr,  y.  IkiknytiiM,  and  M.  Dryet' 

SOLAR  RADIO  ASTRONOMY  AND  INTERPLANETARY  SCINTILLATIONS 

Solar  Stereo  Radloaatronomy 

J. -L.  St^inbifty 

Meaaurementa  of  the  Solar  Wind  Ualng  Spacecraft  Radio  Scattering  Obaervatlona 

R.  Wot' 

Obaervatlona  of  Interplanetary  Scintillation:  Solar  Wind  Velocity 
Meaaurementa 

T.  Kakinunt 

Scintillation  Obaervatlona  of  the  Interplanetary  Plasm.a 
Z.  Noumnar 

SOLAR  WIND  THEORY  AND  OBSERVATIONS 

The  Three-Dlmenalonal  Structure  of  the  Interplanetary  Medium 
W.  I.  AjrfonJ 

Theoretical  Contrlbut Iona  to  Solar  Wind  Reaearch  - A Review 

S.  i'uf’timin 

The  Large  Scale  and  Long  Term  Evolution  of  the  Solar  Wind  Speed  Dlatrlbutlon 
and  High  Speed  Streama 
Oeujn’e  S.  lntrili,;ator 

Pioneer  10,  11  Obaervatlona  of  Evolving  Solar  Wind  Streama  and  Shocka  Beyond 
1 AU 

K.  J.  Unith  atki  J.  H.  Volft! 

Wave-Particle  Interaction  Phenomena  Aaaociated  with  Shocka  In  the  Solar  Wind 
P.  L.  Sotirf 

CIWETARY  TOPICS 

Comet  a In  the  STIP  Context 
Mir  K.  MiHi'a 

The  Comet-Solar  Wind  Interaction 
D,  A.  Aton./ta 

Solar  Wind  Interaction  with  Type-1  Comet  Talla 
A.  I.  SvtikkoiHoh 
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SOIAR  COSMIC  RAY  PROPAC.ATION , MODULATION,  AND  INTERPLANETARY  ACCELERATION 


Slgnaturea  of  Solar  Coamlc  Ray  Evrnta  and  Their  Relation  to  Propagation  and 
Acceleration  Proceaaea 

il. 

Solar  Energetic  Part  Idea  Below  10  MeV 

A'.  C.  S.  .V.  A>mi.7ia 

Acceleration  and  Modulation  of  Electrona  and  Iona  by  Propagating  Inter- 
planetary Shocka 

T.  r.  0.  ('htrn,  K.  T.  S.  W.  Krimi.jie 

STUDY  OP  TRAVELLlNt:  INTERPIJINETARY  PHENOMENA  - STIP  INTERVAL  1 AND  STIP 

INTERVAL  II 

A Summary  of  Significant  Solar-tnlt lated  Eventa  During  STIP  Intervale  I 
and  II 
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To  avoid  the  delaya  normally  encountered  In  type  netting  a conference  proce- 
odliiga  of  thia  magnitude,  all  authora  were  requeated  to  prepare  their  manuacrlpta 
In  a camera  ready  format,  in  accordance  with  general  guldellnen  provided  to  them. 
The  dlacuaaion  after  each  preaentatlon  waa  tranacrlhed  at  the  conference  and  added 
at  the  end  of  each  manuacrlpt  by  the  edltora.  In  the  proceaa  of  reviewing  each 
manuacrlpt  aome  changea  were  neceaaary  In  an  effort  to  achieve  a atandardlzed 
format.  Wlienever  theae  changea  were  minor  In  nature,  corrections  were  made  to  the 
original  manuacrlpt,  aometlmea  ualng  the  "cut  and  paste"  technique.  In  a few  cases 
ctMnplete  manui-crlpta  were  retyped.  In  this  regard  the  typing  services  of  Ms.  Carol 
Holladay  of  the  University  of  Alabama  are  gratefully  acknowledged.  Plnally,  the 
edltora  gratefully  acknowledge  the  cooperation  given  to  them  by  each  of  the  authors 
throughout  the  preparation  of  thla  conference  proceedings. 
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Abstract 


Results  of  analysis  of  Skylah  soft  X-ray,  low-coronal  observations  of  coronal 
transient-related  events  are  presented.  Both  spatially  resolved  photographic 
Images  obtained  by  the  X-Ray  Telescope  (X-RT)  and  high-temporal  resolution  propor- 
tional counter  data  obtained  by  the  X-Ray  Event  Analyzer  (X-REA)  have  been  used  In 
these  analyses.  The  structure  and  evolution  of  the  low-coronal  events  and  the 
morphology  of  the  associated  eruptive  promlnences/dlsparlt Jons  brusques  are  briefly 
discussed.  X-REA  reported  results  Include  time  profiles  of  flux  at  various  wave- 
lengths and  physical  parameters  (average  temperatures  and  emission  measures),  as 
determined  using  a channel-ratlolng  technique.  Typical  peak  temperatures  deduced 
are  6-lA  x 10^  K and  peak  volume  emission  measures  are  approximately  5 x 10^^  cm“^. 
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PRICKOIMO  PiOS  UUAMC 


1.  INTRODUCTION 


The  observation  of  long-duration  X-ray  transient  events  (LDEs),  having  X-ray 
flux  signatures  similar  In  shape  to  the  "gradual-rlse-and-fall"  phenomenon  ob- 
served at  microwave  wavelengths,  was  originally  reported  by  Kreplln  et  al . (1962). 
At  that  time,  it  was  also  suggested  that  these  LDEs  may  be  associated  with  rising 
limb  prominences.  More  recently,  Sheeley  et  al.  (1975)  and  Kahler  (1977),  using 
Sky lab  and  groundbased  observations,  confirmed  the  relationship  between  LDEs  and 
dlsparitlons  brusques  and  showed  that  LDEs  are  frequently  associated  with  coronal 
transients.  Munro  et  al.  (1974)  and  Gosling  et  al . (1974)  found  a correlation 
between  eruptive  prominences  and  coronal  transients.  In  this  paper,  we  will 
examine  the  Ha,  XUV  and  X-ray  morphology  and  evolution  of  selected  LDEs,  and  we 
will  present  results  of  analysis  regarding  the  determination  of  temperature  (T), 

volume  emission  measure  (EM  - | n2  dV,  where  N Is  the  electron  density  and  V the 

J e , e 

volume),  and  thermal  energy  content  (E^j^- 3k  j TN^V,  where  k Is  Boltzmann's  constant^ 

for  these  events.  The  X-ray  data  are  those  obtained  with  the  ;\TM/S-056  X-ray 
experiment  aboard  Skylab  (Underwood  et  al. . 1977),  and  the  events  discussed  herein 
Include  the  slow-accelerating  events  of  21  August  1973  (eruptive  limb  prominence) 
and  18  January  1974  (disparltlcn  brusque)  and  the  contrasting  fast-accelerating 
event  of  17  January  1974  (eruptive  limb  prominence,  probably  flare  related). 


2.  INSTRUMENTATION 


The  primary  data  source  was  the  NASA-Marshall  Space  Flight  Center/The  Aero- 
space Corporation  X-ray  experiment  (S-056)  onboard  Skylab.  The  experiment  con- 
sisted of  two  Instruments,  the  X-Ray  Telescope  (X-RT)  and  the  X-Ray  Event  Analyzer 
(X-REA).  The  X-RT,  a Wolter  Type-I  glanclng-lncldence  Imaging  telescope,  obtained 
high  spatial  resolution  (-  20)  photographic  data  through  five  metallic  filters  of 
different  passbands  In  the  6-18  X and  27-40  A range,  permitting  comparison  for  the 
determination  of  spectral  hardness  and,  hence,  physical  parameters.  Exposure  times 
(generally  1.3  s - 280  s)  were  variable  to  optimize  the  observation  of  features  and 
events  of  widely  different  X-ray  Intensity.  The  X-REA  utilized  two  proportional 
counters  with  spectral  ranges  of  2.5-7.25  X and  6.1-20  A and  employed  pulse-height 
analyzers  for  spectral  resolution.  The  instrument  viewed  the  full  sun  with  a 
temporal  resolution  of  2.5  s.  The  S-056  experiment  is  described  in  detail  by 
Underwood  et  al.  (1977)  and  Wilson  (1976,  1977). 


3.  PLASMA  DIAGNOSTICS 


Physical  parameters  are  determined  from  the  X-ray  telescope  filterhellograms 
following  a technique  similar  to  that  described  by  Vaiana  et  al . (1973)  and  from 
the  X-ray  proportional  counter  data  following  a technique  similar  to  that  described 
by  Horan  (1971).  At  any  point  In  a given  X-ray  image  the  exposure  4>  (In  photons 

cm  , where  n denotes  the  filter)  is  related  to  the  specific  Intensity  by 
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where  la  the  telearope  colleotlitK  area,  t the  expoaura  time,  f the  telescope 
focal  leiiKth,  ll'*"  combliieil  f tlter-teleacope  tranamlaaloii  for  photons  of  wave- 

length \,  anj  hv  the  energy  per  photon.  For  an  optically  thin,  thermal  plaama  of 
coronal  composition  anil  temperature,  asaumeil  to  he  Isothermal  along  the  line  of 
sight , we  write 
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where  c.(\)  Is  the  emissliin  coefficient,  N the  electron  ilenslty,  a the  distance 
along  the  line  of  sight,  and  JN_  ds  the  linear  emission  measure,  (Values  of 

are  due  to  Walker  (1172)  and  Tucker  and  Keren  (1171);  see  also  Underwood  and 
McKentle  (1177).)  By  ratlolng  the  right-hand  sides  of  Kq.  (2)  for  two  different 
fillers,  one  obtains  a value  which  Is  dependent  only  upon  temperature.  Thus,  we 
determine  the  temperature  of  the  X-ray  emitting  source  from  the  observed  ratio  of 
the  left-hand  side  of  Kq.  (2)  using  two  different  filters.  Ihice  the  temperature 
Is  known,  the  linear  emission  measure  la  found  by  the  use  of  F.q.  (2).  The  electron 
density  Is  then  obtained  from  the  linear  emission  measure  following  an  assumption 
itbout  the  geometrical  extent  along  the  line  of  sight. 

For  X-ray  proportional  counters  (like  the  X-RFA)  with  fields  of  view  Including 
the  entire  sun,  the  number  of  counts  i(')  (where  ) denotes  the  channel)  Is  related  to 
the  solar  flux  Incident  o\>  the  counter'  by 

K'l  - At  |n,(\)  '^y(^)d\,  ()) 


where  A^,  Is  the  aperture  area  of  the  counter.  At  the  Integration  time,  and  n^(V) 

the  number  of  counts  In  channel  | per  photon  at  wavelength  X (analogous  to 

\ised  In  Kquatlons  I and  2).  Using  the  same  assumptions  as  above,  except  now  the 
plasma  Is  Isothermal  over  the  volume  of  the  X-rav-emlt t Ing  region  (l.e.,  event), 
we  obtain 


1 f 'X^''  f ' 

- - M (\)  -V-  dV 

(AU)‘  J ' NM.V  J 


'y\)  4'^iv)d\ 


(A) 


where  AU  Is  the  astronomical  units,  V the  vohime,  and 

measure.  The  ratio  of  Kquatlon  (4)  evaluated  for  two 
length  bands)  Is  a function  of  temperature  alone  and. 


I dV  the  volume  emission 

different  channels  (or  wave- 
thus.  Is  used  for  determining 


the  temperature  of  the  X-ray  event.  Knowlnp  the  temperature  allowH  one  to  ilet ermine 
the  volume  emtaalon  measure  (from  Eq.  A)  which  In  turn  yields  the  electron  density 
after  an  assumption  about  the  volume  is  made. 

Another  parameter  of  Interest  Is  the  thermal  enerny  content  of  the  event, 
denoted  E(|,,  which  is  related  to  the  electron  density  by 
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where  k Is  Boltzmann's  constant.  Another  useful  form  of  Eq.  (31  based  on  our 
observation  Is 
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where  EM  is  the  volume  emission  measure  (KM 


dV). 


4.  OBSKRVATIONS  AMI)  ANALYSIS 


The  three  coronal  X-ray  events  (all  LDF.s)  selected  for  this  analysis  were 
associated  with  eruptive  or  disappearing  prominences  and,  In  the  case  of  the  two 
limb  events,  had  associated  white  lluht  coronal  transients,  observed  by  the  Skviab 
borne  HIrIi  Altitude  Observatory  White  l.lRht  CoronuRraph  (WU'l.  The  third  event,  a 
dlsparltlon  brusque,  was  near  disk  center  - probably  makliiR  any  white  I IrIiI  coronal 
transient  unobservable.  (AmonR  others,  Sheel ev  ct  al . . Id73,  and  Kahler,  Id/?,  have 
discussed  the  correlation  between  loiiR  duration  X-ray  eyents  and  coronal  tran- 
sients.) These  three  events  are  summitrlzed  In  Table  1. 

The  eruptive  prominence  of  21  AuRiist  I*)?!  w.is  clearly  a slow  accel era!  I.'ii  event 
with  a velocity  profile  similar  to  ValnlJek's  Curve  11  (ValnlJek,  I'lp.'t)  and  typical 
of  the  eruption  of  quiescent  prominences.  Eor  reasons  to  be  discussed,  the  dlsparl- 
tlon brusque  of  18  January  1874  Is  also  believed  to  be  In  this  cateRorv.  The  very 
rapid  acceleration  and  the  hlph  velocity  of  the  17  January  1874  eruptive  are 
typical  of  ValnlXek's  Curve  1 for  spravs,  which  Hrnzek  (18b8)  and  TandberR-Hanssen 
(1874)  relate  to  other  flare-related  fast  elections.  Brief  descriptions  of  the 
three  events  follow. 


4.1  21  Aiipiiit  l*)72  Kriiplive  l*r<niiinriice 


4.1.1  MorpholoRy 


The  location  produclnR  the  21  AuRUSt  event  was  the  source  ot  at  least  I othei 
eruptlves  In  Just  over  a month  - lnclu<llnR  a dlsparltlon  brusque  ainl  laiRe  { IBl 
flare  on  28  July,  a west  limb  eruptive  on  10  AuRust , and  the  disk  dlsparltlon 
brusque  of  1 September,  accompanied  by  a larRe  area  ot  relatively  weak  X-ray 
enhancement,  as  reported  hv  Rust  and  Webb  (1877). 


(1 


m 


Table  1.  Selected  H-alpha,  Soft  X-ray,  and  Radio  Data  for  the  Three  Events 


The  eruptive  prominence  of  21  August  and  (ts  associated  X-ray  event  have  been 
discussed  and  Its  coronal  response  modeled  by  Smith  et  al . (1977).  The  white  light 
coronal  transient  was  analyzed  in  detail  by  Poland  and  Munro  (1976)  and  Its 
relationship  to  the  He  II  (304  X)  eruptive  prominence  was  discussed  by  Bohlln 
et  al.  (1974). 

The  quiescent  tree-shaped  Ha  prominence,  apparently  based  about  8 to  17 
degrees  behind  the  northeast  limb,  was  slowly  lifting  ('  10  km  s"^)  at  1300  IfT, 
with  leading  elements  gradually  accelerated  to  greater  than  200  km  s“l  by  1410  I'T. 
(The  position,  and  hence,  velocity  may  be  underestimated  due  to  a loss  of  Ha 
visibility  with  increasing  temperatures.)  Figure  Id  and  le  show  the  Ha  prominence 
pre-event  and  during  Its  eruptive  phase.  At  ' 1344  UT,  a weak  Ha  flare  appeared  In 
the  prominence  base,  just  above  the  limb,  and  possibly  related  material  Infall  Into 
this  area  was  observable  at  1358  UT.  The  enhancement  remained  weak,  returning  to 
prominence  Intensity  by  about  1433  IT.  In  Figure  Ic,  the  He  II  304  X at  1441  UT  Is 

seen  to  extend  much  further  outward  from  the  sun  - to  approximately  1.8  R -hut,  as 

s 

reported  by  Poland  and  Munro  (1976),  the  prominence  brightened  later  In  He  II  than 
In  Ha  and  remained  visible  longer  than  In  Ha  - Indicating  Increasing  temperatures. 

The  weak  pre-event  X-rays  In  Figure  la  (a  factor  of  3 greater  exposure  than  for 
the  X-ray  event  In  Figure  lb)  had  been  visible  for  several  hours  and  were  probably 
associated  with  weak  chromospheric  enhancement  near  the  prominence.  The  X-ray 
enhancement,  recorded  by  the  X-REA  (Figure  2a  and  2b),  began  at  1340  UT,  very  near 
the  time  of  onset  of  the  observable  Ha  enhancement.  At  1442  UT,  about  the  time  of 
the  soft  X-ray  maximum,  the  first  observational  sequence  by  the  X-RT  revealed  a 
large,  bright  arcade  of  loops  (Figure  lb)  In  the  area  of  the  previously  faint  X-ray 
emission  (mostly  to  the  north  of  the  eruptive  prominence  foot-point  as  seen  In 
Figures Ic  and  le).  The  foot-polnts  of  the  X-ray  loops  were  clearly  occulted  by  the 
disk,  and  It  appears  likely  that  they  were  situated  above  the  filament-associated 
neutral  line  and  that  the  unseen  chromospheric  event  was  similar  to  the  29  July 
event  (discussed  by  Mlchalltsanos  and  Kupferman,  1974).  The  coronal  event  was  also 
observed  in  Fe  XV  and  Fe  XVI,  where  the  loop  arcade  structure  was  clearly  visible 
In  observations  by  the  NRL  XUV  spectrohellograph  (R.  Tonsey,  private  communication). 


4.1.2  Physical  Parameters 


As  Is  shown  In  Figure  2a  and  2b,  the  harder  2.5-7.25  A X-rays  (plotted  In  one 
minute  averages  of  2.5  s data  samples)  began  about  3 or  4 minutes  before  the  softer 
6-20  A flux.  The  resultant  calculated  maximum  temperature  (for  assumptions,  see 
section  3)  was  14  x lO^K,  occurring  well  before  peak  X-ray  flux  and,  as  has 
generally  been  the  case,  before  the  peak  emission  measure  (Indicating  that  the 
density  was  Increasingly  significant  In  X-ray  emission).  By  measuring  the  event 
area  on  the  Imaged  X-RT  data  and  making  some  symmetric  geometry  assumptions,  we 
deduce  an  average  density  of  ~ 9.5  x 10*^  cm'^,  somewhat  lower  than  the  spatially 
resolved  peak  of  3.5  x 10^  cm”^  deduced  from  the  Imaged  data. 


4.2  18  January  1974  l)i«|taritum  UniM|iir 


4.2.1  Morphology 


The  dlsparltlon  brusque  of  18  January  also  occurred  In  a l>lstorlcal  ly  active 
location.  The  north-soutli  oriented  polarity-reversal  (neutral)  line  ali'ng  wltlch 
lay  the  disrupted  filament  was  the  location  of  a frequently  active  fll.iment  tl)e 
preceding  mi>nth. 
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Figures  la  anJ  3c  clearly  show  the  expected  similaritv  between  the  pre-event 
soft  X-rav  and  Ke  XV  structure.  An  unusual  and  interesting  comtiK'n  feature  Is  the 
reverse  S-shaped  fllamentarv  structure,  composed  of  generally  north-south  loops 
nearly  parallel  to  the  tinderlying  Ho  tllament.  As  pointed  out  by  Sheeley  et  al . 
(Id?^).  comparison  with  the  raagnetogram  (Figure  Ig)  confirms  that  the  sharply 
defined  western  edge  of  this  linear  structure  was  nearly  parallel  to  the  magnetic 
neutral  line  and  w.ns  bordered  bv  an  .irea  of  suppressed  emission  - clearly  seen  In 
soft  X-r,iys  but  more  pronounced  In  Fe  XV.  This  sharp  western  edge  was  also  found 
to  be  nearly  parallel  with  the  southern  portion  of  the  pre-event  Ha  filament. 

At  160b  IT  (Figure  lei,  the  north-south  fll.iment  was  narrow  and  fragmentarv 
between  the  two  small  bipolar  regions,  but  larger  and  dense  to  the  north.  By  1610 
IT,  the  north-south  portion  of  the  filament  had  become  active.  By  - 1800  IT,  It 
had  undergone  mit)or  geometrv  changes,  breaking  away  from  the  northern,  east-west 
portion  .tnd  curving  westward  toward  a simil  1 bipolar  region,  and  had  begun  to 
disappear  from  on-band  Ha.  Doppler  shifted  material  remained  strongly  visible  In 
both  wings  at  ' Id05  IT  but,  at  ld20  (T,  only  a snuilt  segment  of  the  absorption 
feature  was  visible  in  the  blue  wing.  The  filament  remained  visible  In  a He  11 
(304  X)  spect rohe 1 logram  taken  with  the  NRL  XUV  spectrohellograph  (S-082A)  at  18S2 
IT  (Sheeley  ^t_>U.  . ld7Sl. 

The  evv'lutlon  of  the  soft  X-ray  event,  which  began  at  ' 1830  IT,  is  shown  In 
a series  of  flltergrams  in  Figure  4.  At  1449  IT,  onlv  the  small  active  region  to 
the  east  of  the  linear  X-rav  feature  is  clearly  visible  In  this  short  exposure.  Hv 
1817  IT,  the  event  had  clearly  begun  with  the  brightening  of  the  apparently  non- 
potential  nortli-south  loops.  (l.ate  In  the  event,  the  X-ray  structure  appeared 
composed  of  more  potential  appearing  loops  oriented  approximately  east-west  across 
the  neutral  line. I During  Its  early  development,  we  deduce  that  the  X-ray  emission 
expanded  east-west  at  about  15  km  s"l  (-  7.5  km  s“'  on  either  side).  In  a 
reasonable  agreement  wltli  the  5 km  s“*  reported  by  Rust  and  Webb  (1977)  as  the 
vertical  expansion  velocUv  of  the  August  21st  loops.  During  the  time  of  the  soft 
X-rav  event,  there  was  no  such  enhancement  In  Fe  XV  (with  a maximum  response  at 
' 2.  1 X lO^K)  where  the  primary  change  was  a further  reduction  in  emission  and 
possible  narrowing  of  the  areas  of  suppressed  emission  paralleling  the  sinuous 
coronal  structure  (Sheeley  et  al.,  1975). 


4.2.2  Fhyslc.'il  I'arameters 


T!>e  beginning  and  maximum  of  the  X-ray  event  were  not  recorded  by  the  X-KF.A 
(Figures  5a  and  5b)  but  tlie  time  of  maximum  flux  can  be  estimated  as  ' 1940  IT. 

Data  are  complete  for  the  time  of  probable  maximum  spectral  hardness  - yielding  a 
calculated  peak  temperature  of  ' 7.4  x lO^K  (Figure  5c).  Again,  the  maximum 
emission  m«>asnre  (Figure  5d)  occurs  later  than  the  imixlraum  temperature  and  yields 
a particle  density  of  ■ lo'^  cm"^.  These  physical  parameters,  deduced  from  X-RKA 
data,  can  be  compared  wltli  those  calculated  using  spat  tally  resolved  X-RT  data: 

T ' 6 X 10*’K  and  a,  2,5  x 10  cm"^.  The  absence  of  significant  enhancement  in 

Fe  XV,  combined  with  the  absence  of  emission  In  the  hotter  XOV  lines  such  as  Fe 
XXIV,  which  maximizes  at  ' 2 x lO^K  (Wldlng  and  Cheng,  1974),  although  not 
quantitatively  verifying  the  X-ray  derived  temperature,  does  appear  to  restrict  the 
coronal  event  temperature  range  and  to  place  the  X-rav  calculated  temperatures 
within  that  range  ot  acceptable  values. 


-22  A X-RAYS  Fe  XV  H -ALPHA  MAGNETOGRAM 


1449  U.T  1837  U.T  1849  UT 


4.3  I7J«iui«r>  1974  Spr«\ 


4.5.1  Morpholojjv 


The  enersct  lo  limb  fvont  i>f  17  .I.Hiui.irv  (irob-iblv  nrlgln.ite.f  in  BiuiKler  .Aotivr 
Region  314  (AR  314)  (McMath  IMa^i'  No.  17b8n),  whloh  had  CranaiCod  the  west  limb  on 
the  13th  of  January.  The  region  was  growing  as  it  approached  the  west  limb  and  had 
produced  a moderately  large  flare  ioptical  IB,  X-ray  Ml)  while  very  near  the  west 
limb  on  13  January.  This  flare  was  .tlso  accompanied  by  a spray  which  was  followed 
by  a high  speed  coronal  transient. 

At  the  time  of  the  17  January  spray  (seen  in  figure  6),  the  source  region  (AK 

'14)  was  about  .0b3  R (-  43,000  km)  occulted  bv  the  west  limb.  The  Ha  event  was 
s 

first  observed  as  a spray  by  the  R,amey  AKB  observatory  at  - 1923  OT  and  was  also 
observed  by  Mauna  t.oa  Observatorv,  where  high  quality  photographic  Images  were 
nuide  with  a 10  pass-band  filter  centered  on  Ha.  The  spray  appeared  as  a thick 
loop  which  rose  rapidly  and  became  very  tenuous  in  Its  southern  leg  and  foot  point. 
This  faint  leg  of  the  loop  was  laminated  in  structural  appearance  and  some  possible 
dv'wnflow  was  observed  there  (Hansen,  private  communication).  At  IdSl  I’T  (Figure 
be),  the  H^r  ejected  material  was  visible  to  about  2 R_^,  still  appearing  attached  to 

the  disk  with  both  legs  but  becoming  more  tenuous.  The  loop  shape  of  the  chromo- 
spheric prominence  is  im-re  clearly  seen  in  the  NRl.  He  11  , 304  image  (Figure  bf'. 
(In  a general  discussion  of  the  morphology  and  dynamics  of  flare  spravs,  Tandberg- 
Hanssen  et  a 1 . (IdJB)  have  found  the  ejected  sprav  material  to  be  confined  to  a 
rapidly  expanding  loop-shaped  magnetic  envelope.) 

The  17  January  soft  X-rav  event  began  at  - IdJO  I'T,  either  s Imul t aneouslv  with 
I'r  a few  minutes  before  the  chronK'spher Ic  spray  prominence  was  seen  at  the  limb, 
(fonversely , solt  X-rav  emission  began  tens  of  minutes  after  the  eruption  onset  In 
the  I iher  two  events.'  The  comparatively  sharp  rise  of  the  2.3-7.23  X-ravs  In 
the  17  Januarv  event  is  also  Indicative  of  an  energetic  onset.  I'ousev  (1473,  1070' 
reports  the  17  January  event  to  be  the  only  S-t'82A  observed  eruptive  prominence  to 
be  seen  in  the  high  transition  and  coronal  lines.  (The  21  August  event,  lor 
Cv’mparlson,  is  seen  in  Fe  XV,  but  only  as  a low  coronal  enhancement;  the  prominence 
Itself  i.s  not  observed.' 

Soft  X-rav  Images  pre-event  and  during  the  event  are  seen  In  Figure  ba  and  bb. 
The  weak  pre-event  enh.incement  Is  associated  with  .AR  314,  about  one  and  one  half 
d.ivs  behind  the  west  limb.  The  event  X-rav  enhancement  in  Figure  bb  Is  centered  to 
the  north  ot  the  m,tJor  leg  of  the  prominence  as  seen  in  Ha  and  He  11,  and  is  a low 
coronal  event  which  is  believed  to  he  primarily  associated  with  the  unseen  chromo- 
spheric flare  - occulted  by  the  west  limb. 

Xl'V  observations  of  the  prominence  election  have  been  discussed  in  depth  bv 
Tousey  (1073,  lQ7b)  and  representative  Images  are  shownt  In  Figures  be,  bd , and  bf. 
He  ll  304  X emission  (Figure  bf ) maximizes  at  chromospher  Ic  t emper.itures  and  Is 
quite  similar  to  Ha.  Mg  IX  'bO  (Figure  bd)  maximizes  at  .about  U'*'K,  but  has  a 
broad  temperature  range,  and  Is  therefore  convenient  for  seeing  transition  region 
and  coronal  structure.  The  southern,  low  level  loops  seen  in  Fe  XV  28'  % (Figure 
be)  are  seen  as  an  open  loop  and  the  long  spur  of  the  prominence  is  also  still 
visible  here.  The  elongated  northern  loop  extends  to  well  above  the  solt  X-rav 
coronal  event.  At  1043  I'T  (Figure  be',  the  Fe  XV  emission  is  strongest  in  the  low 
lying  southern  loops  (below  the  eruptive  prominence'  and  along  the  spur  to  the 
north.  The  soft  X-rav  emission  at  2('('7  I'T  is  approx  Imat  e Iv  cospat  lal  with  the 
Fe  XV  faint  northern  emission  .ind  the  spur. 
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eruptive.  (He  II,  Mg  IX,  and  Pe  XV  spectroheliograiDs  are  courtesy  tne  wavai 
Mauna  Loa  10  X pass-band  Wj.  photograph  Is  courtesy  the  High  Altitude  Observatory. 
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The  associated  white  light  coronal  transient  was  first  observed  In  progress  by 
the  HAO  White  Light  Coronograph  at  19A3  UT,  when  the  tops  of  the  expanding  diffuse 
loops  were  at  about  2.5  R . Jackson  (private  communication)  and  Hlldner  (1977) 

report  the  Initially  observed  velocity  as  ~ 850  km  s , apparently  followed  by 
deceleration  at  approximately  the  rate  determined  by  gravity,  In  the  absence  of 
other  forces. 

Sweep  frequency  observed  radio  bursts  Included  Type  III  (Importance  2), 
observed  by  Boulder  at  1933.4  to  1934.7  UT  and  Type  II,  which  was  observed  by 
Harvard  (Importance  1,  1931-1948  UT)  and  by  Boulder  (Importance  2,  1936.7-1948.5 
UT).  Type  I continuum  was  also  reported  by  Boulder  (Importance  1,  1515-1805  UT) 
and  Type  III  was  reported  by  Harvard  (Importance  1,  1701-1926  UT) . 


4.3.2  Physical  Parameters 


X-REA  observed  time  profiles  of  X-ray  flux  are  shown  In  Figure  7.  The  softer 
X-rays  (6.1-20  A)  were  slow  to  rise  and  fall  and  only  Increased  by  about  a factor 
of  2 over  the  pre-event  background.  However,  the  higher  energy  (2.5-7.25  X)  flux 
Increased  rapidly  by  - X 35  between  1920  and  1934  UT.  This  rapid  Increase  In 
spectral  hardness  resulted  In  a sharp  rise  (8-10  minutes)  to  a maximum  calculated 
temperature  of  11.8  x 10^  K.  Based  on  these  X-REA  observations,  the  maximum 

emission  measure  (/  dV)  Is  calculated  as  - 2,8  x 10^^  cm  Assuming  a volume 
29  3 ® 

of  10  cm  , the  maximum  particle  density,  averaged  over  the  event  volume.  Is 
therefore  - 1.7  x 10^  cm“3.  gy  way  of  comparison,  the  Imaged  X-RT  data  yield  a 
maximum  density  of  ~ 2.3  x 10^  cm“3. 


5.  DISCUSSION 


The  events  have  In  common  that  all  were  associated  with  ascending  prominences 
(or  dlsparltlons  brusques)  of  the  type  usually  having  associated  coronal  transients, 
that  all  were  accompanied  by  soft  X-ray  enhancements  In  the  low  corona,  and  that 
all  were  of  the  general  Long  Duration  Event  (LDE)  class  In  X-rays.  However,  their 
differences  are  perhaps  most  Interesting.  The  three  events  are  compared  In  Table  1. 

The  18  January  dlsparltlon  brusque  was  of  relatively  low  calculated  coronal 

temperature  (~  7 x lO^K  compared  to  - 12  x lO^K  and  14  x 10*’k  for  the  17  January 
and  21  August  events,  respectively)  and  only  a small,  very  faint  chromospheric 
brightening  was  observed.  Although  the  other  two  source  regions  were  well  obscured 
by  the  solar  disk,  the  21  August  event  exhibited  faint  Ha  limb  brightening  and.  If  It 
was  Indeed  similar  to  the  event  which  occurred  at  approximately  that  same  hellographlc 
location  on  29  July,  thete  was  probably  a chromospheric  flare  behind  the  limb  of  the 
type  frequently  associated  with  spotless  regions  and  large  ascending  prominences. 

In  the  case  of  the  17  January  event,  the  evidence  Is  strong  that  It  was  of 
energetic  flare  origin.  The  2.5-7.25  A X-ray  enhancement  began  at  - 1920  UT, 
about  five  minutes  before  the  chromospheric  spray  prominence  was  seen  at  the 
limb.  If  we  assume  the  spray  origin  was  occulted  - 45,000  km  by  the  west  limb, 
and  we  assume  a velocity  of  400  km  s"3,  the  chromospheric  material  would  have 
required  only  about  two  minutes  to  become  visible  at  the  limb.  This  near 
simultaneity  Indicates  the  heating  of  the  plasma  to  coronal  flare  temperatures  at 
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about  the  time  ot  the  spray  eruption.  Conversely  (Table  1),  X-ray  emission  began 
tens  of  minutes  after  the  eruption  onset  In  the  other  two  events.  The  compara- 
tively sharp  rise  of  the  2.5-7.25  X X-rays  in  the  17  January  event  (although 
perhaps  due  In  part  to  the  event  origin  being  occulted)  also  appears  indicative  of 
an  energetic  onset.  Tousey  (1975,  1976)  reports  the  17  January  event  to  be  the 
only  S-082A  observed  eruptive  prominence  to  be  seen  In  the  high  transition  and 
coronal  lines.  The  21  August  event,  for  comparison.  Is  seen  in  Fe  XV,  but  only  as 
a low  coronal  enhancement;  the  prominence  Itself  is  not  observed. 

Another  very  striking  difference  In  the  17  January  and  the  21  August  eruptlves 
Is  In  the  radial  velocities  of  the  Ha  prominence  material.  Gradual  acceleration  to 
a maximum  observed  velocity  of  200  km  for  the  21  August  eruptive  Is  reported  by 
Smith  et  al . (1977),  while  the  velocity  of  the  17  January  spray  was  observed  by 
Hansen  and  Jackson  (private  communication)  to  be  900  to  600  km  s"^^.  (This 
difference  may  be  partially  attributed  to  the  difference  In  instrument  sensitivity.) 
The  association  of  Initially  high-speed  (rapid  acceleration)  ejecta  of  Valnlcek's 
Type  I (such  as  sprays)  with  flares  was  recognized  by  Warwick  (1957)  and  the 
dynamics  of  sprays  have  been  discussed  by  Tandberg-Hanssen  et  al . (1978). 

The  initially  observed  speed  of  850  km  s ^ for  the  17  January  white  light 
coronal  transient  required  very  high  Initial  accelerations.  At  a slightly  greater 
Initially  observed  height,  the  projected  speed  of  the  leading  edge  of  the  21 
August  white  light  coronal  transient  was  observed  as  950  km  s“l,  followed  by  slow 
acceleration  to  530  km  s“^  during  about  3 hours  of  observations  (Poland  and  Munro, 
1976).  Gosling  (1976)  has  compared  velocities  of  white  light  coronal  transients 
and  found  that  flare  associated  transients  averaged  775  km  s“^  versus  330  km  s~^ 
for  eruptive  prominence  associated  events. 
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Discussion 


H. 


J. 


Hudson:  Your  plasma  particle  density  of  ~ 1.5  x 10  cm  for  the  January  17 
event  appears  low  when  compared  with  other  X-ray  flares. 

Smith:  I agree.  Three  comments:  a)  The  event  Is  partially  occulted  by  the 

limb,  b)  The  N you  refer  to  was  calculated  using  full  sun  proportional 
e 

counter  data  which,  with  the  background  subtracted,  averages  over  the  total 
volume  of  the  enhancement.  The  spatially  resolved  data  yield  a slightly  higher 
density,  c)  The  volume  estimate  over  which  the  Integration  Is  made  (Emission 


Measure 


baaed  on  the  area  of  the  spatially  resolved  event  data  and 


the  assumed  geometry,  may  be  too  large. 


H.  Hudson:  What  would  you  estimate  to  be  the  amount  of  occultatlon? 

J.  Smith:  The  active  region  assumed  to  be  the  source  of  the  flare  was  about  one 
and  one-half  days  behind  the  west  limb. 
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Abstract 


The  dynamic  interaction  between  the  magnetic  field  and  the  material  ejected 
during  a solar  event  is  examined  in  the  meridional  plane  with  the  use  of  numerical 
solutions  of  the  complete  nonlinear,  two-dimensional,  time-dependent  magnetohydro- 
dynamlc  (MHD)  equations  of  motion.  The  solar  event  is  simulated  by  perturbations  in 
the  thermodynamic  variables  (pressure,  density  and  temperature)  at  the  base  of  the 
atmosphere.  Two  magnetic  field  configurations  are  considered:  One  configuration 
allows  the  ejected  material  to  flow  directly  along  the  field  lines  to  the  outer 
corona  (open  configuration) , and  the  other  tends  to  retard  the  outward  motion  by  the 
bulld-up  of  Lorentz  forces  (closed  configuration).  The  effect  of  the  magnitude  of  the 
magnetic  field  is  also  considered.  We  use  magnetic  fields  with  magnitudes  at  the  base 
of  the  Initial  equilibrium  atmosphere  such  that  the  values  of  6 (the  ratio  of  thermal 
pressure  to  magnetic  pressure)  are  1 and  0.1  at  the  base  In  the  "preflare"  state. 

The  closed  configuration  does  not  allow  any  of  the  ejected  material  to  flow  to  the 
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outer  corona:  however,  a perpendicular  MHD  shock  (B*l)  or  a fast  MHD  wave  (3«0.1) 
does  propagate  upward.  Most  of  the  ejecta  does  reach  the  outer  corona  In  an  open 
configuration  for  both  values  of  B. 


1.  INTRODUCTION 


The  Intriguing  and  often  changing  shape  of  coronal  transients  has  been  studied 
extensively  during  the  last  several  years,  especially  using  Sky lab  observations 
(e.g.,  see  MacQueen  et  al.,  1974  and  Hlldner  et  al.,  1975).  It  Is  now  generally 
considered  that  It  Is  the  preexisting  coronal  magnetic  field  that  largely  determines 
the  shape  of  the  transient  as  It  propagates  through  the  lower  corona.  Also,  the 
magnetic  field  has  a dominating  Influence  on  the  physical  conditions  In  the  plasma 
of  the  coronal  transient.  In  some  Instances  the  magnetic  field  prevents  transients 
from  propagating  more  than  a few  tenths  of  a solar  radius  from  the  solar  surface. 
Although  the  Importance  of  the  coronal  field  Is  well-recognized,  it  cannot  be 
measured  directly.  As  a result,  one  must  resort  to  theory  in  order  to  gain  a better 
understanding  of  the  role  of  the  field.  One-dlmenslonal  models  are  of  little  use 
since  they  cannot  account  for  the  tensile  effect  of  the  magnetic  field.  The 
simplest  model  which  can  be  used  to  realistically  study  the  dynamic  Interaction 
between  the  fluid  and  the  magnetic  field  Is  a two-dimensional,  time-dependent  MHD 
model  which  includes  the  complete  nonlinear  equations  of  motion.  Unfortunately, 

In  this  case  the  equations  are  so  cumbersome  that  they  must  be  solved  numerically. 
Such  a model  written  In  Cartesian  coordinates  was  used  by  Nakagawa  et  al.  (1976)  to 
calculate  the  build-up  of  magnetic  energy  in  the  solar  atmosphere.  Another  model 
applicable  to  the  equatorial  plane  has  been  used  by  Wu  et  al.  (1977)  to  study  the 
effect  of  the  field  configuration  on  a coronal  transient. 

In  the  present  paper  we  present  results  obtained  with  a two-dimensional,  time- 
dependent  MHD  model  applicable  to  the  meridional  (latitudinal)  plane.  Our  Interest 
Is  in  the  effect  of  the  magnetic  field  on  coronal  transients  - both  In  the  topology 
of  the  field  overlying  the  solar  event  which  produces  the  transient  and  In  the 
magnitude  of  the  field.  Two  magnetic  field  configurations  are  considered:  One  which 
Is  essentially  radial  and  one  which  Is  essentially  parallel  to  the  solar  surface. 

For  given  thermodynamic  conditions  the  magnitude  of  the  field  Is  given  by  the 
parameter  B.  Values  for  B of  1 and  0.1  are  considered. 


2.  BASIC  EQUATIONS  AND  SOLUTION  PROCEDURE 


We  assume  that  the  solar  atmosphere  can  be  treated  as  a single  fluid  with 
negligible  dissipative  effects  (except  at  shock  waves).  By  further  neglecting 
radiation,  the  time-dependent  equations  that  describe  the  flow  In  the  meridional 
plane  can  be  written  in  MKS  units  as  follows: 
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whore  the  Oopendoiit  variahlos  nro  tho  density  p,  rndtal  velocity  vi,  meridional 
velocity  V,  pressure  p,  radial  magnetic  field  B^  and  the  meridional  magnetic  field 

B^,.  The  Independent  variables  are  the  radius  r and  the  meridional  (or  latitudinal) 

coordinate  O.  The  constants  are  the  polytropic  Index  >,  magnetic  permeability  U. 
solar  gravitational  constant  t;  and  the  solar  mass 

Prior  to  the  solar  event  we  assunx'  that  the  atim'sphere  is  stationary  and  can 
be  described  by  a poly  tropic  law;  that  Isi 


p 

■ constant, 

p' 


The  Initial  thernx'dvnamlc  conditions  at  the  base  of  the  atnK'sphere  are  taken  to  be: 
temperature  T • l.S  x 10*’K  and  number  density  n • 3 x lOB  cm"3  (where  p “ »tn^^  and 

mp  Is  the  proton  mass).  The  solution  of  the  equation  for  hydrostatic  equilibrium 
along  with  the  polytropic  law  uniquely  def  Ines  the  Inlt  lal  atnK'sphere.  In  order  for 
stationary  conditions  to  exist.  It  Is  necessary  that  the  Lorentz  force  vanish.  This 
condition  and  the  equation  for  the  absence  of  free  nuignetlc  poles  determine  the 
Initial  magnetic  field  configuration,  which  is  given  in  terms  of  Legendre  polynomUils 
of  order  1.  For  the  configuration  selected,  the  magnetic  field  components  are 
given  by 


B ■ — cos  0 (5  cos*  0 - 3)  , 
r' 


s In  0 (5  cos'"  0 - 1 ) . 


This  configuration  Is  obtained  bv  using  the  Legendre  polynomial  of  degree  3,  which 
results  In  a global  magnetic  field  with  six  lobes.  One  advantage  of  this 
configuration  la  that  0 Increases  with  radius  as  would  be  expected  In  a realistic 
ambient  atmosphere.  In  a d.pole  configuration,  for  Instance,  0 decreases  with 
radius.  Two  different  portions  of  the  global  magnetic  field  are  sketched 
In  Figure  I.  In  the  open  configuration  0 Increases  away  from  the  equator,  while  It 
decreases  away  from  the  equator  In  the  closed  configuration.  If  the  solar  event 
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Fljtviro  1.  Schematic  diagrams  of  op 
figurations  in  the  meridional  plane 


and  closed  magnetic  field  con- 


occurs  near  the  equator,  the  field  configuration  in  Figure  la  allows  material  to 
flow  along  the  field  lines  to  the  outer  corona  and  hence  is  referred  to  as  an  "open" 
field  configuration.  The  configuration  in  Figure  lb  will  tend  to  restrain  imaterial 
ejected  near  the  equator  and  consequently  is  referred  to  as  a "closed"  field 
configuration. 

The  simulated  solar  event  is  assumed  (1)  to  occur  at  the  base  of  the 
atmosphere  within  1.8°  (l.e.,  within  2.2  x 10^  km  - see  Figure  1)  of  the  equator 
and  (2)  to  be  symmetrical  about  Che  equator.  The  event  is  represented  by 
simultaneous  perturbations  in  the  density,  temperature  and  pressure  and  is  assumed 
to  last  for  5 minutes.  The  pressure  is  increased  by  a factor  of  5 above  the  ambient 
pressure  (5p  * 5),  which  is  achieved  by  a density  Increase  of  6p  - 1.2  and  a 
temperature  increase  of  iST  - 4.17.  The  perturbation  is  the  same  for  every  case 
considered  in  the  following  section  in  order  to  isolate  the  effects  of  8 and  of 
magnetic  topology  (l.e.,  open  vis-X-vls  closed  magnetic  field  configurations). 

Once  the  perturbation  has  been  Introduced,  the  time-dependent  solution  of 
Eqs.  (1)  simulates  the  coronal  response.  The  equations  are  solved  numerically  using 
the  modified  Lax-Wendroff  finite  difference  schem*'  given  by  Rubin  and  Bursteln 
(1967).  The  radial  grid  spacing  is  0.01  R^,  and  the  latitudinal  grid  spacing  is 

chosen  to  be  equal  to  the  radial  grid  spacing  at  1.0  R^.  The  solution  is  obtained 
within  the  region  bounded  by  the  solar  surface  (1.0  R^)  and  the  dashed  lines  in 

Figure  1.  One  to  the  symmetry  of  the  solution  about  the  equator,  the  computations 
are  only  performed  for  the  region  below  the  equator.  Since  the  solution  is  only 
calculated  out  to  a maximum  of  1.6  R,,  the  neglect  of  the  velocity  in  determining 
the  initial  state  is  not  a serious  limitation. 

The  atmospheric  base  is  not  treated  as  a solid  wall  in  the  present  study  ns  it 
was  by  Wu  et  al.  (1977).  We  allow  fluid  to  pass  through  the  base,  and  hence,  in 
analogy  with  the  one-dimensional  work  of  Nakngawa  and  Stelnolfson  (1976)  and 
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Stalnolfson  and  Nakagawa  (1976),  the  flow  variables  must  satisfy  some  sort  of  1 

compatibility  relations  at  the  base,  7or  the  present  case  four  variables  can  be  j 

specified  arbitrarily  at  the  base, and  the  remaining  two  must  be  calculated  from  > 

the  compatibility  relations.  We  choose  to  specify  the  thermodynamic  variables  and  | 

magnetic  field  components  and  to  calculate  the  velocity  components.  This  procedure 
Is  followed  so  that  the  fluid  can  flow  outward  from  the  simulated  solar  event 
at  whatever  velocity  la  required  by  the  pressure  forces.  The  specified  variables 

are  held  constant  at  the  base  except,  of  course,  for  the  thermodynamic  variables  In  | 

(and  during)  the  perturbation,  j 

•( 


3.  NUMERICAL  RESULTS 


The  governing  equations  (Eqs,  1)  can  be  nondiraensionaliced  In  such  a way  that  the 
only  parameters  are  Y,  & and  a parameter  Involving  the  reference  temperature.  Since 
Y and  the  reference  temperature  are  kept  constant,  the  only  parameter  In  the 
equations  is  0,  Stelnolfson  and  Dryer  (1977)  have  shown  for  a one -dimensional 
problem  that  the  character  of  the  solution  depends  on  whether  6 Is  greater  or 
smaller  than  one.  Further  theoretical  evidence  for  the  Importance  of  B has  been 
provided  by  Nakagawa  et  al,  (1976)  who  showed  that  the  magnetic  energy  build-up  In 
the  solar  atmosphere  depends  critically  on  6,  In  order  to  determine  what  effect  6 
has  in  the  present  problem,  we  use  two  values  (l,e,,  B * 1 and  B ■ 0,1),  The  only 
remaining  parameter  (since  the  perturbation  is  not  changed)  la  the  magnetic  field 
configuration;  both  open  and  closed  configurations,  as  defined  In  the  previous 
section,  are  considered. 


3.1  ;)  = 1 Case 


The  results  for  a closed  magnetic  field  configuration  10  min  after  Introduction 
of  the  perturbation  (at  t « 0)  are  shown  In  Figure  2,  The  plots  In  Figure  2 and  In 
all  subsequent  figures  tvere  computer-generated.  Since  we  currently  do  not  have  the 
capability  to  generate  these  type  of  plots  in  polar  coordinates,  all  results  are 
presented  In  Cartesian  coordinates.  The  amount  of  distortion  Involved  In 
translating  from  polar  to  Cartesian  coordinates  Is  shown  on  the  plot  of  velocity 
vectors  in  Figure  2 where  the  portion  of  the  meridional  plane  on  which  the 
computations  were  performed  Is  overlaid  on  the  corresponding  Cartesian  plane. 

The  same  quantities  as  In  Figure  2 are  presented  In  Figure  3 for  an  open  field 
configuration.  The  density  ratio  Is  the  density  at  each  point  divided  by  the 
ambient  density  at  that  point.  The  darkness  of  the  shading  Increases  with 
Increasing  density  ratio.  The  velocity  vector  points  In  the  direction  of  the 
velocity  at  the  origin  of  the  vector  and  its  length  Is  proportional  to  the  velocity 
magnitude  at  Its  origin.  The  well-known  result  that  weak  disturbances  travel  faster 
across  field  lines  than  along  them  (due  to  the  larger  characteristic  speed  across 
field  lines)  is  clearly  Illustrated  on  the  density  plots  in  Figures  2 and  3,  '''le 
disturbance  has  traveled  further  radially  near  the  syimnetry  axis  In  the  closed 
configuration  and  further  laterally  near  the  base  in  the  open  configuration.  In  both 
the  above  cases  the  faster  disturbance  was  traveling  more  nearly  perpendicular  to 
the  field  lines.  For  the  two  field  configurations  we  Immediately  note  the  following 
similarities;  (a)  A well-defined  shock  forma  at  the  leading  edge  of  the  disturbance, 
(b)  the  density  compression  behind  the  shock  wave  travels  away  from  the  perturbation 
as  an  expanding  loop,  (c)  the  density  compression  Is  followed  by  a density 
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Figure  2.  Selected  results  for  a closed  field  configuration  after  10  min 
for  6 * !•  The  latitude  Is  measured  In  degrees  below  the  equator,  which 
Is  at  latitude  <•  0.  The  tic  marh  at  the  left  edge  of  the  density  ratio 
plot  labeled  CS  Is  the  radial  location  of  the  contact  surface  on  the 
synmetry  axis  (latitude  ■ 0).  The  "Max  Ratio"  on  the  density  plot  (and 
on  similar  plots  of  other  thermodynamic  variables)  is  the  maximum  value 
on  the  plot.  is  the  maximum  velocity,  as  indicated  by  the  length 

of  the  velocity  vector,  on  the  plot.  The  solution  is  actually  calculated 
in  the  meridional  plane  Indicated  on  the  plot  of  the  velocity  vectors; 
however,  as  shown,  all  plots  are  In  Cartesian  coordinates. 


rarefaction,  (d)  a swirling  motion  develops  as  seen  on  the  plot  of  the  velocity 
vectors,  and  (e)  some  fluid  is  flowing  downward  through  the  base;  however,  time- 
sequence  plots  show  that  the  downward  flow  Is  continually  decreasing  and  that  the 
original  ambient  state  is  being  restored.  The  following  differences  are  also 
apparent:  (a)  The  density  enhancement  Is  considerably  less  and  broader  In  the 
closed  configuration,  (b)  the  density  enhancement  for  the  open  configuration  is 
concentrated  near  the  top  of  the  loop,  while  for  the  closed  configuration  the 
density  enhancement  is  nearly  constant  along  the  loop,  (c)  the  swirling  motion  is 
counter-clockwise  in  the  closed  configuration  and  clockwise  in  the  open  configura- 
tion, (d)  a time-sequence  of  velocity  vector  plots  shows  that  the  center  of  the 
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Figure  3.  Selected  results  for  an  open  field  configuration  after  10  min 
for  S - I (See  the  caption  for  Figure  2.) 


swirling  motion  moves  radially  and  laterally  away  from  the  symmetry  axis  for  the 
open  configuration  and  that  it  remains  at  the  base  and  moves  laterally  away  from 
the  symmetry  axis  for  the  closed  configuration,  and  (e)  the  magnetic  field  is  more 
distorted  in  the  open  configuration. 

The  tic  mark  labeled  CS  on  the  left  edge  of  the  density  plot  in  Figure  2 (and 
on  the  left  edge  of  the  plots  of  all  thermodynamic  variables  in  other  figures) 
indicates  the  radial  location  of  the  contact  surface  on  the  axis  of  symmetry.  The 
contact  surface  represents  the  leading  edge  of  fluid  ejected  during  the  simulated 
solar  event.  The  fluid  between  the  contact  surface  and  the  shock  is  ambient  fluid 
that  has  been  compressed,  heated  and  accelerated  bv  the  shock.  For  the  closed 
configuration  in  Figure  2,  the  leading  edge  of  the  ejected  fluid  reaches  a maximum 
height  of  0.051  R^  (3.6  x 10^  km,  the  distance  between  each  tic  mark  Is  0.01  R^) 

above  the  base  at  t ■ 6 min  and  then  begins  falling  downward  until  at  t • 10  min  the 
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contact  surface  has  fsllen  to  O.lUl  x 10^  km)  above  the  base.  Note  how  the 

swirling  notion  la  carrying  mass  towards  the  rarefaction  region  near  the  symnetry 
axis.  By  contrast,  the  contact  surface  for  the  open  configuration  imives  continuous! 
upward,  and  It  la  clear  that  at  least  some  of  the  ejected  material  will  escape  to 
the  outer  corona.  The  dowixward  motion  would  seen  to  Indicate  that  not  all  the 
ejected  material  will  escape.  In  fact,  the  particle  that  left  the  base  just  as  the 
perturbation  was  turned  off  (which  essentially  represents  the  trajectory  of  another 
contact  surface)  reaches  a maximum  height  of  O.ObB  (4.8  x 10^  km)  at  t • 12  min; 

the  particle  than  falls  dowixward  and  reaches  the  base  at  t • 16  min.  Fluid  Is  also 
being  carried  Into  the  rarefaction  region  In  the  open  conf Iguratlon.  If  is  this 
rarefaction  region  (which  Is  also  a region  of  reduced  pressure  as  will  be  showix 
later)  that  Is  the  source  of  the  swirling  i»c>tlon  for  both  configurations. 

The  magnetic  field  has  been  pushed  xipward  and  laterally  by  the  fluid  nK'tlon  in 
the  closed  configuration.  This  is  not  limnedtately  apparent  from  Figure  2 since  the 
Initial  field  Is  not  shown;  however,  as  an  example,  the  field  line  labeled  120  has 
been  moved  radially  by  0.015  (1  x 10**  km)  on  the  axis  of  symmetry.  The  magnetic 

field  Is  altered  much  more  in  the  open  configuration  due  to  the  larger  mass  nK’t  Ion 
Involved.  The  top  half  of  the  larger  loop  formed  with  dashed  lines  eventually 
separates  fiom  the  lower  half  and  forms  a closed  loop.  Tlxls  closed  loop  then 
continues  to  move  Into  the  outer  corona. 

The  thermal  pressure  and  terai'eiature  ratios  for  the  conditions  used  In  Figure 
3 are  shown  In  Figure  A at  t ■ 12  min.  The  pressure  Is  Increased  by  the  shock,  but 
there  is  a region  of  reduced  pressure  near  the  base  and  the  symmetry  axis,  which  Is 
helping  to  create  the  swirling  nx'tlon  mentioned  earlier.  The  temperature  is 
Increased  only  slightly  by  the  shock  due  to  the  low  x O " 1.2).  The  high 
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Figure  3 


Pressure  and  temjierature  ratios  for  the  saim'  conditions  as  In 


temperature  fluid  Is  the  fluid  that  was  ejected  during  the  simulated  solar  event. 
The  perturbation  at  the  base  extended  about  2 1/2  tic  marks  laterally  indicating 
that  the  fluid  is  being  guided  by  the  field  despite  the  relatively  high  6.  By 
comparison  with  Figure  3,  one  can  see  that  the  temperature  is  high  where  the 
density  is  low.  A similar  plot  of  temperature  ratio  for  the  closed  configuration 
would  show  that  the  only  high  temperature  region  (the  ejected  material)  is  in  the 
small  rarefaction  below  the  contact  surface  in  Figure  2. 

3.2  (j  = 0.1  Case 


In  the  closed  configuration  the  ejected  material  did  not  flow  out  to  the  inter- 
planetary medium  for  S “ 1.  and  consequently,  one  would  not  expect  it  to  do  so  for 
a lower  6.  Indeed  it  doesn't,  as  shown  in  Figure  5;  however,  a fast  MHD  wave  is 
formed.  The  fluid  is  accelerated  in  this  wave,  but  the  density  and  other  thermo- 
dynamic variables  remain  unchanged.  The  wave  is  a fast  MHP  wave  since  its  lending 
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Figure  S.  Densltv  and  velocity  magnitude  (,'sju‘  + v ) for  a closed  field 
conf  Igurat  ion  after  4 min  for  P“0.1.  The  maximum  values  on  the  plots 
are  indicated.  The  right  edge  of  each  plot  now  represents  the  equator, 
and  the  top  represents  the  solar  svirface. 


edge  Is  traveling  along  the  symmetry  axis  at  530  km  s , which  is  approximately 
equal  to  the  relevant  characteristic  speed  of  propagation  of  small  amplitude  (i.e.. 
linearized)  disturbances  (the  square  root  of  the  sum  of  the  squares  of  the  Alfv^n 
and  sound  speeds).  The  fast  wave  is  traveling  radially  almost  twice  as  fast  as  the 
shock  for  P“1  in  the  closed  coaf  igurat  ion.  The  large  velocity  near  the  base  in 
Figure  5 is  once  again  caused  by  a spiral  motion  similar  to  that  for  the  corre- 
sponding larger  b case. 

Some  of  the  results  for  an  open  configuration  are  shown  in  Figure  b after 
8 min.  The  magnetic  field  is  so  strong  that  it  is  not  appreciably  affected  by  the 
flow  and  retains  the  initial  configuration  in  Figure  1.  The  main  coronal  response 
in  this  case  is  confined  to  a region  near  the  equatorial  axis  comparable  in 
latitudinal  extent  to  the  size  of  the  solar  event.  The  transient  properties  near 
the  equatorial  axis  are  similar  to  those  for  the  open  configuration  for  8 ■ 1, 
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attliouiili  tli»  loadlnii  odiie  travelM  (aNtar  for  Clia  low#r  t^.  Th«  laaditiK  adK**  !■’ 
KtKure  6 1*  travaliiiK  radially  a(  470  km  a~^  which  la  tlia  aamc  aa  th»  rvlavaiu 
propaKatloi)  apovd  of  amall  ampllCuda  dlatiirbancoa  (the  Alfv^n  apeed  alnce 
Yll/2  < 1).  Thla  la  true  deaplto  the  tact  tliat  the  Jump  In  velocity  and  donalty 
acruaa  the  leadlviK  edxe  are  certainly  nut  o(  amall  amplitude.  The  dtaturhanco 
propaitatlnK  laterally  la  au  wer-v  that  It  la  loat  In  the  numerical  nolae  and  doean't 
appear  on  the  (liture.  In  nnntoKy  with  the  prevloualy  conaldered  open  conf iKurat Ion 
caae,  one  would  expect  the  dlaturhance  to  travel  faaler  laterally  than  radially. 
There  la  a downflow  behind  the  dlaturhance  for  t Imea  later  than  the  lime  uaed  for 
the  flpure.  The  downflow  la  very  amall,  and  eventually  the  original  ambient 
atmoaphere  la  reatored. 
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Kltture  (1.  Selected  reaulta  for  an  open  Held  ci'nf  lnui  at  Ion  after  8 min 
tor  8 • 0.1  (See  the  caption  for  KlRure  2.1 
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The  propaitatlun  of  coronal  tranalenta  throuKh  the  lower  corona  la  Inveatlaated 
In  the  meridional  plane  with  numerical  aolullona  of  the  lime-dependent  MHO 
ei|iiat  Iona  of  motion.  The  Importance  of  the  topology  ol  the  Initial  coronal 
magnetic  field  la  demonatrated  by  conalderlnp  two  conf laniat Iona;  One  which  la 
eaaiiillallv  radial  (open)  and  another  which  la  eaaeni  tally  parallel  to  the  aolar 
anrfacr  (cloaed).  The  effect  of  the  mapniinde  of  the  maKuel Ic  field  la  demon- 
at rated  by  nalna  valnea  for  the  parameter  8 of  1 and  0.1  at  the  coronal  baae.  The 
aolar  event  reaiionalble  for  the  tranalent  la  almnlated  by  a alep-fnnct  Ion  Increaae 
In  the  preaaure  at  the  baae  of  an  Initially  hydroatatic  atmoapbere  by  a factor  of 
A for  a period  of  S min.  For  all  caaea  Inveatlpated  a diattirbance  propapalea  upward 
and  laterally  thronph  the  corona  with  the  leadlntt  edge  ol  the  dlatnrbaitce  having 
the  ahape  of  an  expanding  li'op.  The  lateral  mol  Ion  la  appreciably  leaa  lor  the  low 
8,  open  configuration  than  for  the  other  caaea  with  the  ma|or  I'orl  loit  of  the 


disturbance  being  confined  to  a region  directly  over  the  solar  event.  The  leading 
portion  of  the  disturbance  contains  only  coronal  material  whose  properties  have 
been  altered  by  the  preceding  waves  (which  may  strengthen  Into  shocks)  created  by 
the  explosive  nature  of  the  solar  event.  For  both  values  of  B the  closed  con- 
figuration does  not  allow  any  of  the  material  ejected  In  the  event  to  flow  to  the 
outer  corona;  the  ejecta  merely  rises  above  the  surface  for  a short  time  and  then 
falls  downward.  In  the  open  configuration  the  disturbance  Is  preceded  by  a fast- 
mode MHD  shock  for  P“  1 and  a fast-mode  MHD  wave  for  6-0.1.  The  coronal  medium 
Is  set  In  motion  by  the  MHD  wave,  but  the  wave  does  not  alter  the  tliermodynamlc 
variables  by  a perceptible  amount.  The  ejecta  does  reach  the  outer  corona  for 
both  values  of  6 In  an  open  configuration  with  little  lateral  motion.  A shock 
forms  ahead  of  the  radial  motion  of  the  disturbance  but  weakens  rapidly  with 
Increased  latitudinal  distance  from  the  equator  and  becomes  little  more  than  a wave 
propagating  In  the  lateral  direction.  The  present  results  corroborate  the  results 
of  Wu  et  al.  (1977)  In  that  coronal  transients  which  propagate  to  the  outer  corona 
and  contain  material  ejected  In  the  solar  event  appear  to  occur  In  open  field 
regions.  It  must  be  kept  In  mind,  however,  that  If  the  perturbation  Is  of  a 
larger  magnitude  than  used  herein.  It  Is  possible  that  material  may  reach  the 
outer  corona  even  in  a closed  field  configuration. 

Wlien  some  of  the  ejected  material  does  reach  the  outer  corona  the  ambient 
medium  which  has  been  compressed  by  the  shock  ahead  of  the  transient  Is  followed 
by  the  high  temperature  ejecta  from  the  solar  event.  It  Is  the  compression  region 
which  may  become  visible  to  Instruments  such  as  the  white  light  coronograph  on 
Sky  lab,  and  the  high-temperature  region  which  may  he  seen  In  the  lower  corona  In 
X-ray  (providing  the  density  Is  high  enough).  Of  course,  the  material  from  the 
solar  event  may  be  observed  In  X-ray  and  other  wavelengths  In  the  lower  corona 
even  If  It  returns  to  the  solar  surface. 
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Discussion 


nira;  In  vonr  almnlation  with  I'  - 1 topen  fleia  oont  t^nrai  loni , the  laiRoat  aia- 
l\irhanoe  In  the  amhlent  mattnetlo  lleUl  seomoa  to  ooonr  In  a region  hehina  the 
po.iW  In  tin'  lii'nsttv  onhnnronuMW  . IVu'h  tlilw  t roiul  ri'nllniM'  out  to  hin!\rr 

iiltltUkli'M  O K whrvo  tho  ri'Vi'unl  tvnnMliMxts  t\rc  ot'SiMvoit?  I’oviUl  It  bo 

(• 

luittuM  nMS\nm’Al  thnt  tin'  mnK.not  U’  ItoKI  Is  amUv  woaklv  1 1 \ul'Oil  within  tho  hl^h 
dot^sltv  to>tlot\' 

Pvvoi  : riu'  viotoimnt  ton  ^'t  tlu'  .imMont  »i,i^',tn't  1 1'  I told  I'tnit  Innos  to  tho  lrtr>tov 

dist.inr«*M  I tom  tho  sun  it\  onv  sinuilnt  U'tt.  Wo  hollov*'  th.st  tho  maj^nittnlo  ot  tho 
mngnotlk'  iloltls’  port  nthat  ion  will  ho  stw'nj^ly  otthanood  v'toso  to  tho  hty.lt 
donsttv  royton  (outvd  ttt  soparato  ll>,  Mhl>  o<>mputat  ions  hv  StotnoM  su'tt,  Orvor, 

rtiui  Nakrtgawa,  -K  lU'o^dtyM.  Row.,  H?*!)  and  aro  ptosont  ly  tn  the  prooosH 

of  oxamtntng  this  quoat ton  In  moro  dotati. 

Armstrottg:  What  is  tho  otlovt  ol  tho  tsotropto  ovtvtat  iott  ^'1  stato  on  tito  oaloulatod 
donstty  attd  tomporatnro  prottlos?  l\'r  OKamplo,  allowing  high  (hontml  rottduo- 
itvttv  alottg  ft  might  tovoal  ftold  oontroMod  pattc'rns  In  tho  whito  light 
omission. 

I'rVf'r;  Altlu^ugh  wo  havo  lU't  <'xaminod  an  anisv^roplk'  o^piat  ion  i'l  stato,  wo  hollovo 
that  tho  hasio  foainrt's  (ollok  f ol  Hota  and  m.ignot  lo  topt'logv  oonl  Inomonl  ol  tin* 
initial  port  nvhal  ion>  will  romatn  m\ohangod.  i'ovtalnlv,  tho  magnlt\uios  ol  tho 
proftlos  wi>viKl  ho  o\pOk'lo»l  1 1'  dillor  I rt'm  tho  Isoirk'i'tv*  oas*'.  W»*  h.avo  also 
Ignt'tod  thoinwii  ooiuhiol  I v 1 1 v . lK>wovor,  In  tho  prosonoo  ol  high  ihormal  oon^ 
duotlvliv  along  ft,  wo  wonUI  oxpoi't  an  oltloioni  »,n'oling  prov'oss  1 1'  pt  orlndo 
whtio  light  ohsorval ions . 


Relation  Between  Moreton  Waves,  Type  II 
Shocks  and  Interplanetary  Shock  Waves 
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G«ophY*ical  Institute  of  the  Slovak  Academy  of  Sdancat 
947  01  Hurbanovo,  Cz^oslovakia 


Abstract 


There  are  twenty  cases  of  flare-associated  waves,  usually  referred  to  as 
Moreton  waves.  These  were  studied  to  determine  their  relation  to  the  type  II  radio 
bursts  and  interplanetary  shock  waves.  Fourteen  of  the  twenty  Moreton  wave  events 
(70. OZ)  were  associated  with  type  II  bursts  and  also  with  interplanetary  shock 
waves  observed  around  the  Earth.  We  used  the  velocity  as  a key  parameter  in  the 
interpretation  of  Moreton  waves.  The  mean  chromospheric  velocity  was  calculated 
assuming  that  the  wave  effect  is  propagating  along  or  just  above  the  surface  of 
the  chromosphere.  The  comparison  of  the  mean  chromospheric  velocities  of  the 
Moreton  waves  with  the  associated  radial  velocities  of  the  coronal  shock  waves 
computed  from  the  frequency  drift  of  type  II  radio  bursts  and  with  the  associated 
mean  velocities  of  the  Interplanetary  shock  waves  Indicated  that  there  is  a close 
relation  between  them,  l.e.,  the  larger  the  Moreton  wave  velocity,  the  larger  the 
type  II  shock  velocity  and  the  interplanetary  shock  wave  velocity.  In  an  earlier 
study  we  found  a linear  relationship  between  type  II  coronal  shock  wave  velocities 
and  Interplanetary  shock  wave  velocities.  Clearly,  if  there  is  a linear  relation 
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betwi'on  Moroton  wavo  voUn  itleH  ami  tyj>t*  11  sluu'k  voloclt  los,  there  must  be  a 
relativ>n  between  Moreton  wave  velocities  ami  Interplanetary  shock  velocities.  These 
re lat  Umsh I ps  stronxlv  sug>test  a basic  physical  similarity  between  these  three 
pheiUMnena. 


We  can  conchule  that  the  Mi»reton  waves,  type  ll  shocks  am!  Interplanetary 
shock  waves  have  not  only  similar  mechanisms,  hut  also  a common  source  of 
disturbance.  i>bserveJ  Moreton  waves  represent  the  early 
arrive  at  the  coronal  levels  emitting  type  ll  bursts,  and 
slst  Into  interplanetary  space  and  produce,  for  example, 
solar  wind. 


phase  of  sluu'k  before  tiiev 
later  the  shock  waves  pt*r- 
dlscont Inult les  in  the 


I.  iiNTKonrcnoN 


Solar  f lare-assoc  lat  t'd  last  travellin>;  waves,  propa>tat  along  thi‘  surface  of 
the  chronu>sphere , were  first  discovered  by  Moreton  (l^lbO)  and  tlu*y  drew  attention  ! 

from  the  point  of  view  of  the  observer,  as  well  as  from  the  point  of  view  of  the  1 

thei'ret  leal  solar  physicist  fAth.iy  and  Moreton,  IdM;  lH>dson  and  Uedeman,  ldn4;  j 

Moreton,  ldt»5;  Anderson,  l‘*nn;  Meyer,  l‘lbb;  bchida,  M^bO,  ldb8,  1070,  1074;  i 

Smith  and  Harvey,  1071).  TIu'Se  f lare-assoc  1*11  t*d  chromospheric  wave  events,  which 

*»re  usually  called  alter  their  discoverer  "Moreton  wavt*s",  are  triggered  bv  1 

explosive  flares  and  can  be  observed  in  the  centre  of  the  line  and/or  in  the  wings 
ot  the  H-alpha  line.  Moreton  waves  and  the  usu.illy  subseijuent  corottal  and  inter- 
planetary slu>ck  waves  represent  extrenu'  cases  in  the  wlu>le  series  ot  flare- 
.iss<>c  late<l  f.isi  travrOlIng  Si'lar  and  Inl  i*rplanet  ary  plu'nomena.  The  origin, 
characteristic  ami  Ituerpreiat  ion  ot  tlu*se  t'vents  are  of  key  Importance  in  solar 

phvslcs  and  in  t lie  phvstcs  o\  si' I ar- 1 errest  r la  I re  1 at  lonsh I j»s , because  iimlerslamling  ' 

them  me.v  provide  certain  \'oss  lb  1 1 1 1 ies  ot  forecasting,  e.g,,  of  such  geophysical 

events  as  smUlett  lommeiuemtuU  s o!  geom.igitet  ic  sti'ims.  I 

A whole  series  o!  studies,  concerning  Moreton  waves,  have  appeared  In  the 
llti'rature.  Most  of  them  ciMtcent  ratml  on  dt'talled  att.tlysis  o!  specific  events  or 

describing  tl»t'  general  phi'm'meiu' li'gv  of  the  events,  lU'Wever,  so  far  the  relation  j 

ol  Mi'reton  waves  to  ci'ional  ami  interplanetary  shock  w.ives  has  not  been  studied  ii 

statistically  or  in  detail  lor  (ndlvlilual  events.  ^ 

The  prlm.trv  purt'i'se  t'l  this  pat'er  is  li'  summarir.i'  brletlv  the  mat«'rials  which  ■. 

havt'  so  far  bt't*n  publlslu’il  .ibout  the  <»b.s<‘rviul  ch.UMt't  erist  ics  ot  Mi'reton  waves  and 
ti>  t Ind  their  relation  to  r.ullo  bursts  of  type  ll  and  interplanetary  shock  waves. 


2.  DKHNITION  AND  HKSCRIIM'ION  OK  MORK.TON  WAVK.S 


Svst  I'm.it  ll'  i>lu'tonr<i|'liv  of  tin-  si>l.'ir  I'hroroosplioro  In  thf  i-ontro  nml  at  t ho  wtima 
of  tho  l(~alpha  lino  with  hl>!h  timo  ami  spaoo  rosolnl  ion  onahlod  Moroton  (l‘lh(0  to 
illsoovor  now  proportion  of  solar  flaros  whioh  aro  oharaotorlroil  hv  a smUlon 
oxplonli'n  or  oxpanalon.  Thoso  flaroa  aro  nsualtv  oi»llotl  t*xplosivo  flaros  (Mi»rott>n* 
lahl).  Thoso  oxplonlvo  flaroa,  as  wo  shall  soo  lator,  aro  oonnootoil  with  such  fast 
travollln>t  tUstnrhancos  as  shock  waves,  ivpo  ll.  111  anil  IV  radio  hnrsls,  otc. 
(Hrufok,  mh'U. 
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with  explosive  flares,  we  are  clearly  able  to  Identify  a short  sudden 
Increase  In  the  H-alplia  flux  at  the  time  of  the  "flash"  phase  of  the  flare  (area  x 
Intensity),  and  this  takes  place  before  the  flare  maximum  Is  reached.  The  funda- 
mental factor  In  the  explosive  development  Is  the  sudden  expansion  of  the  flare 
area,  at  the  time  of  which  the  whole  or  part  of  the  peripheral  bright  regions  of 
the  flare  spread  in  a certain  direction  with  a velocity  sometimes  exceeding  100  km/s 
(Moreton,  1965).  The  Interval  of  this  acceleration  development,  l.e.,  the 
duration  of  the  explosive  pluise  Is  only  about  10  seconds  and,  as  Moreton  maintains, 
shorter  than  10  seconds. 

Athay  and  Moreton  (19bl)  reported  the  first  dlrec.,  proof  of  the  existence  of 
fast  travelling  chromospheric  disturbances,  which  were  Identified  on  Lockheed  flare 
films  taken  In  the  tl-alpha  line  in  1959  and  1960.  Later  Smith  and  Harvey  (1971) 
sunin.irlzed  all  the  avallab’e  facts  on  wave  effects  also  observed  on  Lockheed  films 
between  1959  and  1967.  The  latest  aspects  of  the  optical  effects  of  Moreton  waves, 
which  were  found  on  ll-alpha  flltergrams  with  a resolution  of  about  one  second  of 
arc,  were  discussed  by  M.irtin  and  Harvey  (1974).  Besides  these  papers  of  sub- 
stantial significance,  concerning  the  description  and  Interpretation  of  the 
observational  effects  of  Moreton  w.ives,  there  exists  a whole  aeries  of  papers,  the 
authors  of  which  deal  with  the  description  of  the  characteristics  of  the  Individu- 
ally observed  explosive  flares  In  various  connections,  which  generate  the  Moreton 
wave  (Zlrln  and  Werner,  1967;  Dodson  and  Hedeman,  1968;  Zlrln  and  Kusso  l.ackner, 
1969,  and  Harvey  et  .il.,  1974). 

At  present  there  exist  four  different  types  of  optically  observed  direct  or 
Indirect  evidence  In  favour  of  the  existence  of  flare-associated  Moreton  waves 
(.Smith  and  Harvey,  1971  .ind  Martin  and  Harvey,  1974),  l.e.: 

Wave  fronts  (WK):  Kast  travelling  diffusive  wave  front,  observable  In  the 
emission  of  the  centre  of  the  H-alpha  line  .tn^l/or  In  the  dark  wave  In  the  wings 
of  the  H-alpha  line. 

Kl lament  oscillation  (KO):  A sudden  oscillation  or  activating  of  a filament 
lociited  t>ntslde  thi'  flare  region,  in  si»me  cases,  which  leads  to  "dlsparltlon 
brusipie" . 

Chromospher Ic  brightening  (CllB) : Short-lived  brightening  of  small  points 
(spots)  occurring  In  the  chromosphere  outside  the  flare  centre  at  locations 
passed  by  the  wave. 

Filament  turbulence  (1*1):  Filaments  show  abruptly  Initiated  turbulence 
Instead  of  .1  distinct  oscillation  of  Its  mass. 

Table  1 contains  some  of  the  most  Important  information  on  20  Moreton  waves, 
known  from  the  literature  (Smith  and  Harvey,  1971;  Moreton,  1965).  The  first  four 
columns  of  Table  1 give  the  data  on  explosive  flares  which  produced  a Moreton  wave, 
idi'ntlfled  via  one  of  the  effects  mentioned  tibove.  The  table  Indicates  that  In 
moat  cases  the  Moreton  wave  generated  an  oscillation  of  a filament  and  only  In  very 
few  cases  w.is  chromospheric  brightening  observed.  It  is  possible  that  the  mention- 
ed effects  of  the  Moreton  wave  are  only  man! fest 1 1 at  ions  of  the  Interaction  of  the 
wave  with  a certain  chromospheric  or  coronal  structure  most  accessible  to  us.  We 
are  convinced  th.it,  given  .1  suitable  observational  technique,  further  phenomena 
will  be  discovered  which  will  enable  us  to  study  Moreton  waves. 


Tablft  1.  A Coap«rifton  of  Various  Solar  and  Zacerpianetary  Ptienoaeru  In  Association  with  Obosrvod  Morctoe  V«v«s 


3.  MORETON  WAVE  PROPAGATION  VELOCITY 


The  velocity  of  propagation  is  the  key  parameter  in  interpreting  Moreton  waves 
and  In  determining  their  relation  to  various  events  connected  with  the  flare  wave. 
The  velocity  of  propagation  of  fast  travelling  flare-associated  disturbances  is 
determined  by  accurate  measurements  of  the  time  Interval  and  distance  between  the 
beginning  of  the  explosive  phase  of  the  flare  and  the  subsequent  observation  of  the 
disturbance  appearing  in  the  centre  or  at  the  wings  of  the  H-alpha  line  spectrum  as 
it  moves  away  from  the  explosive  flare  region.  The  transverse  component  of 
velocity  is  measured,  and  it  is  assumed  that  the  wave  propagates  along  or  directly 
above  the  chromosphere. 

The  values  of  the  velocity  of  propagation  of  Moreton  waves,  V , , for 

ch 

individual  events,  obtained  by  different  authors,  are  given  in  column  7 of  Table  1 
(Athay  and  Moreton,  1961,  Smith  and  Harvey,  1971;  Martin  and  Harvey,  1974).  The 
velocities  of  propagation,  given  in  the  table,  vary  from  440  to  1250  km/s,  the 
mean  velocity  of  Moreton  waves  propagation  being  730  km/s. 

It  Is  Interesting  to  compare.  In  actual  cases,  the  velocity  of  propagation  of 
Moreton  waves  In  different  directions,  determined  for  the  same  events  on  the  basis 
of  various  effects,  e.g.,  from  chromospheric  brightening  and  from  sudden 
oscillations  of  a filament  which  appears  at  various  longitudes  and  latitudes.  Such 
comparisons  may  provide  an  answer  to  the  question  of  the  existence  of  isotropic  or 
anisotropic  velocity  of  propagation  of  flare-generated  Moreton  waves.  A comparison 
of  this  kind  can  be  made  with  the  event  which  occurred  at  22  58  UT  on  26  April  1969 
(Harvey  and  Martin,  1974).  After  the  explosive  phase  which  was  observed  at  23 
01:15  UT,  oscillations  of  filaments  were  observed  as  well  as  chromospheric 
brightening.  The  velocity  of  the  Moreton  wave,  which  produced  the  filament 
oscillations,  was  determined  as  1210±  400  km/s.  This  velocity  is  nearly  identical 
with  the  velocity  of  the  wave  derived  from  chromospheric  brightening,  l.e.,  1210  ± 
230  km/s.  With  a view  to  the  position  of  the  chromospheric  brightening  and  the 
oscillations  of  the  filament  relative  to  tl>e  flare  it  may  be  assumed  that  in  this 
case  the  wave  was  propagating  isotropically  within  a range  of  45°. 

A typical  case  of  anisotropic  propagation  of  a Moreton  wave  is  the  event  of 
3 Miiy  1967,  which  was  observed  at  15  37  UT  at  21°N  51°E  (Martin  and  Harvey,  1974). 
The  Moreton  wave,  generated  at  the  time  of  the  explosive  phase  (16  15:45  UT)  of 
this  flare,  was  responsible  for  the  turbulent  motion  of  the  filament.  The 
velocity  derived  from  three  points  of  the  filament  turbulence  A,  B and  C (e.g.,  see 
Fig.  5 in  the  paper  by  Martin  and  Harvey,  1974)  amounted  to  500,  630  and  780  km/s. 
Further  evidence  of  anisotropic  propagation  of  a Moreton  wave  is  provided  by  the 
event  of  23  May  1967  (l)c  Mastus  and  Stover,  1967;  Smith  and  Harvey,  1971).  Figure  1 
is  a schematic  drawing  of  the  progress  of  the  wave  front  from  the  time  of  the  flare 
explosion.  One  can  see  that  the  wave  did  not  propagate  spherically,  which  implies 
anisotropic  distribution  of  the  propagation  velocity.  The  emission  front  represents 
.1  wide  scale  of  velocities  from  340  to  1250  km/s. 

A graph  of  the  transverse  component  of  the  mean  velocity  was  constructed  for 
several  exclusive  events  of  the  observed  Moreton  wave  front.  Figure  2a  shows  the 
mean  velocity  of  propagation  of  the  lending  edge  of  the  wave  front,  observed 
between  18  37  and  18  45  UT  on  23  May  1967.  Until  the  explosive  phase  of  the  flare 
the  wave  propagated  at  1250  km/s,  and  at  a distance  of  about  20  x 10*  km  its  velocity 
had  decreased  to  750  km/s. 

The  Moreton  wave  front,  observed  on  20  September  1963,  could  only  be  observed 
in  the  wings  of  the  H-alpha  line  spectrum  (Figure  2b).  As  can  be  seen  in  Figure  2b, 
the  leading  edge  of  the  wave  in  the  observed  direction  propagated  at  a constant 
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Figuro  1.  Tho  Moreton  wave  ovont  of  Mav  3T, 
traced  with  time  lapse  from  tho  sequence  of  films  bv 
S.  F.  Smith  (I'chlda,  19701 


velocity  of  750  km/s  to  a distance  of  35  x 10*'  km. 

The  analysis  of  these  d.ata  Indicates  that  tlie  velocity  of  prop.ag.at  ion  of 
Moreton  waves  Is,  In  many  cases,  strongly  anisotropic.  This  anisotropy  Is  clearly 
caused  hy  the  condltl\nis  under  which  the  wave  propagates  and  that  the  anisotroitv 
of  a wave  front  may  vary  across  the  front.  As  we  have  seen,  the  velocltv  varies 
from  mAO  to  1250  km/s.  Those  velocities  are  supersonic  and  the  wave  represents 
some  type  of  MHO  shock  wave.  N.  Oryer  has  suggested  (I'rivate  communication.  1Q771 
that  - depending  on  the  local  Alfven  speeds  - these  waves  are  either  fast  MHO 
shocks  or  fast  MHO  waves,  the  latter  having  been  studied  hy  Ochida  as  noted  above. 


1.  THK  DIKKCTIOIV  OK  MORKTOIN  WAVK  PROPAO  \TIO!N 


Another  Important  characteristic  of  Moreton  waves  is  that  they  are  hlghlv 
directional.  In  iminy  eases  the  angular  width  of  the  effects  observed  is  equal  to 
or  smaller  th.an  90*  (Smith  .and  Harvey,  19711.  In  ma!iy  c.ases,  as  Ittdic.ated  bv 
Table  1.  this  angle  is  larger.  For  ex.ample,  with  the  events  of  the  wave  front  ol 
25  .lune  I9b0  the  angular  range  .amounted  to  lb5*.  Tho  most  .accvir.ate  data  of  .angular 
width  of  prop.ag.at  ii'U  of  a disturb.anee  were  obt.alited  from  .a  wave  front  in  which 
emission  or  absorption  could  be  observed  direct  Iv,  In  tlte  case  ol  tlie  Mi'reton  wave, 
observed  in  connection  witlt  the  proton  fl.are  of  28  Avigust  19pb,  the  wave  I rent 
encompassed  a concave  arc  with  .an  angle  of  op*  with  its  apex  near  the  main  spot 
closest  to  the  fl.are.  The  Moreton  wave  propagati'd  aw.av  from  the  flari'  across  the 
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Figure  2.  Velocities  of  Moreton  waves  and  tvpo  II  shv>cks  associated  with  the  malor 
flares  of  Mav  23,  and  September  20,  19M. 


solar  disk. 


As  We  have  seen,  a Moreton  wave  which  Is  invisible  in  H-alpha  may  generate 
turbulent  motion  in  filaments  and  also  upward  and  downward  oscillations.  In  many 
cases,  only  a part  of  the  filament  is  affected  by  the  invisible  wave,  thereby 
providing  further  evidence  of  the  Moreton  waves'  strongly  directional  characteri.s- 
t ic. 


If  the  configuration  of  the  flare  is  associated  with  the  configuration  of  the 
local  magnetic  field,  it  may  be  possible  that  the  visible  direction  of  wave  propa- 
gation is  associated  with  the  geometry  of  the  chromospheric  and  coronal  magnetic 
field.  Uchida  (1974)  investigated  the  distribution  of  Alfven  velocities  in  the 
neighbourhood  of  a flare  region  on  days  when  a Moreton  wave  occurred.  These  results 
indicate  that  the  Moreton  wave  propagates  in  regions  with  low  Alfven  velocities, 
whereas  it  avoids  regions  with  high  Alfven  velocities.  One  can,  of  course,  see  at 
first  glance  that  the  disturbances  are  strongly  directional  and  that  they  move  away 
from  regions  of  intensive  magnetic  fields. 


5.  MORETON  WAVES  AND  TYPE  II  RADIO  BURSTS 


The  problem  of  the  relationship  between  Moreton  waves  and  type  II  radio  bursts 
is  logical  at  first  gl.mce;  however,  it  requires  further  research.  In  this  part 
of  the  paper  we  shall  sunrnuirize  the  results  achieved  so  far  and  report  on  our  own 
invest igations. 

It  has  been  generally  accepted  that  type  11  radio  bursts  are  excited  by  an 
MHP  shock  wave,  generated  by  flares  of  varying  magnitudes  at  the  time  of  the 
triggering  Instability  which  is  observed  optically  in  the  H-alpha  line  as  the 
explosive  phase  of  the  flare  (Wild,  1970).  It  has  also  been  accepted  that 
Moreton  waves,  optically  observed  in  the  H-alpha  line,  are  chromospheric  mani- 
festations of  MHP  shock  waves.  Opinions  exist  that  Moreton  waves  are  generated 
by  the  same  disturbance  that  produces  type  II  radio  bursts,  which  represent 
coronal  shock  waves.  Smith  and  Harvey  (1971)  examined  the  statistical  relation 
between  Moreton  waves  and  type  II  radio  bursts.  Only  36t  of  the  Moreton  waves 
were  associated  with  type  II  radio  bursts.  However,  when  these  authors  divided 
their  statistics  into  two  Intervals,  they  found  that  less  than  251  of  the  Moreton 
waves  were  associated  with  type  II  bursts  up  to  1963  and  after  1963,  52Z  were 
.jssoclated  with  these  bursts.  This  implies  that  there  was  a lack  of  observations 
prior  to  1963  and  that  after  1963  the  network  of  radio  spectrographs  was  expanded 
and  their  sensitivity  increased. 

As  c.m  be  seen  from  Table  1,  we  investigated  20  cases  of  occurrence  of 
Moreton  waves,  14  of  which  were  associated  with  type  11  bursts,  l.e.,  701.  We  are 
convinced  that  this  statistical  value  would  now  be  higher,  because  we  now  have  a 
better  knowledge  of  the  characteristics  of  behaviour  of  the  effects  of  Moreton 
waves,  on  the  one  hand,  and  the  number  of  radio  observatories  as  well  as  the 
Increased  sensitlvitv  of  their  instruments,  on  the  other. 

In  order  to  determine  the  relation  between  the  velocity  of  Moreton  waves  and 
the  velocity  of  coronal  shock  waves,  associated  with  them,  13  cases  were  studied, 
the  list  of  which  is  in  Table  1.  To  calculate  the  velocity  of  the  shock  waves  in 
the  solar  corona  from  the  frequencv  drift  of  type  II  radio  bursts,  wo  used  the 
10  Baumbach-Al len  density  model  of  the  corona.  The  c.alculated  velocities  of  these 
coronal  tvpe  II  burst  shock  waves  are  also  given  in  Table  1.  The  table  indicates 
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that  the  velocity  of  the  type  11  burst  shook  Is  between  700  and  SOOO  km/s.  In  all 
cases  considered,  Che  velocity  determined  exceeds  the  local  escape  velocity. 


The  comparison  of  the  transverse  velocities  of  Moreton  waves  with  the  radial 
velocities  of  the  coronal  shock  waves,  associated  with  the  latter  and  as  derived 
fnaa  type  II  radio  bursts.  Implies  a close  relation  between  them.  Klgure  3 
Illustrates  the  dependence  between  the  velocity  of  Moreton  waves  and  the  radial 
velocity,  derived  from  type  11  bursts.  Klgure  3 shows  that  the  higher  the 
velocities  of  the  Moreton  waves,  the  higher  the  velocities  of  the  coronal  shock 
waves,  represented  by  type  11  radio  bursts.  This  relationship  Is  Indicative  of  a 
fundamental  physical  association  between  these  two  phenimiena. 

Apart  from  the  statistical  dependences  mentioned  above,  there  are  several  well 
documented  examples  which  proved  that  a Moreton  wave  In  the  H-alpha  line  Is  a 
visible  manifestation  of  a mobile  source  which  also  exists  In  the  form  of  a type  11 
radio  burst.  The  most  remarkable  example  of  the  relation  of  a Moreton  wave  to  a 
type  II  radio  burst  occurred  on  20  September  I'lbS  (Smith  and  Harvey,  1^71) . The 
Moreton  wave  was  observed  at  the  Lockheed  Observatorv,  USA,  In  H-alpha  f O.S  A and 
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Figure  3.  Oependence  of  the  Moreton  waves'  velocity  on  the  Interplanetary  shock 
waves'  mean  velocity  and  on  the  tvpe  11  shock  waves'  radial  velocltv 


the  radio  spectrogram  is  from  the  Fort  Davis  Observatory  in  Texas  (Figure  4). 
Figure  4,  which  represents  a mounted  pictuie  of  optical  and  radio  observations, 
shows  that  the  visible  front  of  the  Moreton  wave  and  of  the  type  II  radio  shock 
wave  are  in  exact  time  coincidence.  Wliereas  the  Moreton  wave  front  travels  across 
the  surface  of  the  chromosphere,  the  type  II  shock  wave  travels  radially  outwards. 
Assuming  that  both  observations  Involve  the  same  shock  wave,  one  is  able  to  obtain 
a two-dimensional  idea  of  the  source  of  propagation  in  a complicated  magnetic 
field.  In  Fig.  2b  one  can  see  the  time  dependence  of  the  propagation  of  the  wave 
front.  The  figure  indicates  tliat  the  mean  velocity  is  constant  and  amounts  to  750 
km/s.  The  explosive  phase  commenced  at  21  56:15  IT  i 15  seconds  and  at  the  same 
time  a type  II  radio  burst  was  recorded  on  the  radio  spectrogram,  l.e.,  the 
occurrence  of  a type  II  burst  represents  the  comraencoment  of  the  explosive  phase, 
at  the  time  of  which  the  shock  wave  is  generated.  Evidence  of  this  is  also  pro- 
vided in  Fig.  2b,  in  which  we  can  see  that  the  beginning  of  the  generation  of  the 
Moreton  wave  coincides  with  the  explosive  phase.  The  frequency  drift  of  the  type 
II  burst  also  Implies  that  the  shock  wave  was  generated  at  the  time  of  the 
explosive  phase  of  the  flare,  and  it  was  even  found  that  there  is  a certain  agree- 
ment in  height  in  generation  with  the  Moreton  wave.  This  example  allows  one  to 
draw  the  conclusion  that  the  type  II  shock  wave  and  the  Moreton  wave  not  only  have 
the  s.ame  physical  foundation,  but  also  the  same  source  of  generation. 

A similar  characteristic  of  the  relation  of  the  Moreton  wave  to  the  type  II 
radio  burst  was  also  observed  with  explosive  proton  flares  wliich  were  observed  on 
23  May  1967  and  28  August  1966. 

Further  evidence  in  favour  of  the  relation  between  the  Moreton  wave  and  the 
type  II  shock  wave  was  provided  by  observations  of  the  time  and  propagation 
Velocity  of  the  Individual  events,  with  which  radio  bursts  were  observed  by  means 
of  80  MHz  Culgoora  radioheliographs  (Kal,  1969;  Dulk,  1971).  These  observations 
enabled  the  events  to  be  analysed  in  three  dimensions. 


6.  ASSOCIATION  OF  MORKTON  WAVF.S  WITH  INTKRPl.AINKTAR Y 
SHOCK  WAVKS 


In  recent  papers  of  Dryer  (1974)  and  Pinter  (1973)  a close  association  was 
shown  between  the  velocities  of  coronal  shock  waves,  represented  by  type  II  radio 
bursts  and  the  velocity  of  propagation  of  interplanetary  shock  waves.  Dv.iwlng  on 
the  fact  that  in  the  previous  Section  of  this  paper  proof  was  given  of  the  relation 
between  the  velocities  of  Moreton  waves  and  the  velocities  of  type  II  shock  waves, 
we  sought  to  determine  the  relation  with  the  velocities  of  Interplanetary  shock 
waves.  Figure  3b  shows  the  dependence  of  the  transverse  velocity  of  Moreton  waves 
on  the  mean  velocity  of  flare-generated  Interplanetary  shock  waves.  The  figure 
Indicates  that  this  dependence  is  linear;  the  higher  the  Moreton  wave  velocity, 
the  higher  the  velocity  of  the  interplanetary  shock  wave. 


7.  CONCLl'SIONS 


At  the  time  of  the  explosive  phase  of  a flare  the  generated  shock  wave  of  a 
suitable  chromospheric  and  coronal  magnetic  configuration  is  capable  of  propagating 
across  the  solar  disk  (this  is  observed  as  a Moreton  wave)  as  well  as  upward  into 
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tho  cot'i>ua  wlu'io  ((  cHcitos  M r.ulln  luir.stN.  lit  imuty  rasoN  t!»t*  lUst  iir!>/uu’i* 

travels  tiirthor  t lu*  oiUiUta  luU>  1 nl  orp  I aitoi  arv  space  wh»*ri',  lor  example, 

tt  generates  a dlseont  luuity  iit  the  selar  wind.  The  ei>mplcx  iletailed  stiuiv  ot  (he 
rela((<>it  o!  M4>reten  waves  ft'  various  si>lar  anil  Inierplanel  arv  plienomena  will  he 
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Local  Accelerations  in  the  Corona 
During  Type  II  —Type  IV  Emission; 
Observational  and  Theoretical  Evidence 

Yoland«  Leblanc  and  Monique  Aubier 
Obiervatoire  de  Meudon 
92Y90  Meudon,  France 


Abstract 


Radio  observations  with  a high  spectral  and  temporal  resolution  allowed  us  to 
show  that  local  accelerations  In  the  corona  occurred  In  relationship  with  type  II  - 
type  IV  burst  emission.  These  accelerations  appeared  as  an  emission  of  drifting 
structures  superimposed  on  the  continuum  emission  of  the  type  IV  burst. 

All  the  observations  gathered  In  the  optical  range  lead  us  to  conclude  that 
we  are  dealing  with  a transient  propagating  through  an  arch  magnetic  configuration. 

We  have  identified  these  drifting  structures:  In  the  high  frequency  range  {25-^ 
45  MHz)  beams  of  electrons  of  high  energy  propagating  downwards  In  the  arch  magnetic 
field  give  rise  to  type  III  burst  emission  with  a positive  drift  rate.  Some  of 
these  beams,  after  reflection  in  a mirror  region,  have  characteristics  such  as  a 
cyclotron  beam  plasma  Instability  emission  occurring  near  this  region.  Narrow-band 
short  lived  bursts  are  then  observed  (60 -►70  MHz).  We  have  derived  from  theoretical 
approaches  the  parameters  of  the  beam  and  of  the  medium  and  we  conclude  that  In  the 
beam:  the  initial  energy  U >,  0.46  c (or  63  kev) ; the  velocity  dispersion  V = 2V  ■ 
-1  ° -5  be 

14000  Km  s ; the  density  N,  = 10  N . In  the  medium  the  local  magnetic  field  is 

b o 
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found  to  be  equal  to  about  9 gauss  between  1.5  and  2 R In  the  arch  and  to  decrease 
very  steeply  between  2 and  3 R . 


1.  INTRODUCTION 


In  the  range  of  80-20  MHz,  very  few  observations  of  type  IV  bursts  are  made 
with  high  resolution  receivers,  and  this  Is  due  to  the  low  sensitivity  of  the 
Instruments  used  at  these  frequencies. 

Ac  Nancay  Observatory,  since  1970,  receivers  with  high  spectral  and  temporal 
resolutions  are  operating  In  the  range  of  25-70  MHz. 

In  this  paper  two  type  II  - type  IV  events  observed  In  this  range  are 
described.  They  appear  with  fine  structures  drifting  positively  (towards  high 
frequencies)  In  Che  low  frequency  range  and  negatively  (towards  low  frequencies) 
In  the  high  frequency  range  (Figure  1). 

An  Interpretation  In  terms  of  local  acceleration  at  the  top  of  an  arch  Is 
given  to  explain  the  formation  of  high  energy  beams  of  electrons  which  give  rise 
to  type  Ill-llke  bursts  propagating  downwards  In  Che  corona  (positively  drifting 
structures  or  p.d.s.)  and  after  reflection  In  a mirror  region,  they  give  rise  to 
an  emission  (negatively  drifting  structures  or  n.d.s.)  which  can  be  described  by 
a cyclotron  beam  plasma  Instability. 


2.  THE  OBSERVATIONS 


2.1  The  Equipment 


The  observations  are  made  with  two  swept-frequency  spectrographs  covering  the 
range  24.4  MHz  to  38.8  MHz  and  38.8  MHz  to  70  MHz,  with  a bandwidth  resolution  of 
20  KHz  and  200  KHz  respectively.  In  addition  four  fixed  frequency  receivers  are 
operating  at  30,  38,  60  and  76  MHz.  The  time  resolution  Is  about  0.1  s. 


2.2  Observational  Data 


2.2.1  THE  29  JULY  1973  EVENT 

Between  13.00  and  13.24  UT  a large  3 N two  ribbon  flare  was  recorded  at 
Tel-Avlv  and  Big  Bear  Observatories  at  the  heliocentric  coordinates  N13,  E45 
(McMath  region  12461),  and  a coronal  transient  was  observed  by  the  Sky lab  corono- 
graph  (MacQueen  ec  al.,  1974). 

The  radio-emission  Is  characterized  by  a type  II  burst  starting  at  13.23  UTt 
the  fundamental  and  the  harmonic  emission  were  observed  In  our  frequency  range.  The 
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* type  IV  burst  appeared  at  13.26  UT  and  three  minutes  later  are  observed  p.d.s.  In 

] the  low-frequency  range  and  n.d.s.  In  the  high-frequency  range.  These  later 

t structures  are  much  less  numerous  than  the  others. 

2.2.2  THE  7 SEPTEMBER  1973  EVENT 

Many  flares  of  Importance  2N  and  3N  were  recorded  between  11.30  and  14.00  UT. 
Their  heliocentric  coordinates  were  S18  W45  (McMath  region  12507).  A coronal  tran- 
sient was  observed  by  the  Skylab  coronograph  when  observations  began  at  13.06  UT 
(MacQueen  et  al.,  1974).  This  mass  ejection  was  associated  with  a large  inter- 
planetary shock  wave  disturbance  observed  at  1 A.U.  (Gosling  et  al.,  1975). 

In  our  records  a first  type  IV  burst  started  at  11.54  UT  and  covered  the  whole 
range  of  the  receivers  (25  - 70  MHz).  At  12.00  UT  a type  II  burst  with  fundamental 
and  harmonic  emissions  was  observed.  We  notice  that  only  the  harmonic  emission 
appears  with  fast  variations  of  intensity  with  time  as  in  the  other  event.  This 
time  variability  of  type  II  burst  had  already  been  studied  (Leblanc  and  Lecacheux, 
1976). 

At  12.07  UT  the  type  II  burst  was  followed  by  a continuum  emission  of  a type 
IV  burst  on  which  arc  superimposed  drifting  structures  as  those  observed  in  the 
first  event. 

An  analysis  of  the  data  allows  us  to  conclude  that: 

• We  are  dealing  with  an  arch  configuration,  probably  transequatorlal , since 
the  two  events  are  associated  with  active  centers  In  the  equatorial  region,  and 
loop-shaped  transients  were  observed  by  the  coronograpli . 

• Tlie  positively  drifting  structures  recalls  type  III  emission.  Their  frequency 
drift  varies  from  2 to  4 MHr/s. 

• The  negatively  drifting  structures  are  observed  in  the  frequency  range  60-70 
MHz.  Their  bandwidth  and  mean  frequency  remain  constant  for  the  whole  duration  of 
the  emission.  The  frequency-drift  of  the  structures  is  nearly  constant  and  equal 
to  1 or  2 MHz/s.  The  duration  of  each  individual  structure  Is  about  4 to  5 seconds. 

A correlation  in  time  between  these  two  sets  of  structures  exist  probably  If 
we  compare  the  relative  intensity  of  some  structures.  We  think  that  the  end  of  a 
p.d.s.  Is  associated  in  time  with  the  beginning  of  a n.d.s.  and  it  appears  that 
many  p.d.s.  are  not  followed  by  n.d.s.  We  shall  show  that  this  representation  may 
be  explained  theoretically. 


3.  TMKORKTICAL  INTF.RPRKTATION 


Kopp  and  Pneuman  (1976)  explain  in  a theoretical  model  how  the  rising  loop 
prominence  systems  seen  after  coronal  transients  are  the  result  of  magnetic  field 
reconnection  in  the  corona:  the  transient  event  tears  open  the  closed  field  lines 
and  a solar  wind  expansion  is  set  up  which  extends  well  out  in  the  corona.  This 
explains  the  high  speed  stre.ims  observed  at  1 A.U.  .lust  before  reconnection  of  the 
magnetic  field,  the  upward  nuiss  flow  Is  verv  enhanced  and  this  material  will  be 
captured  In  the  closed  loops  and  compressed  downwards  In  the  corona. 


Mafe-  m 3L  < 
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Then  It  Is  probable  that  local  accelerations  at  the  top  of  the  loop  arc  set 
up  since  the  magnetic  field  chanites  drastically  in  the  region  located  near  the 
neutral  point  while  the  reconnection  goes  up. 

The  accelerated  beams  of  electrons  propagate  downward  and  excite  at  each 
level  a plasma  emission  which  gives  rise  to  a type  HI  burst  drifting  positively. 
As  the  magnetic  field  B is  increasing  the  parallel  velocity  component 

decreases  and  the  perpendicular  one  (vj^)  Increases.  Wtien  V||  is  such  as  there  is 

no  more  positive  slope  in  the  velocity  dispersion  function,  then  the  plasma  type 
III  emission  disappears. 

The  electrons  still  go  down  in  the  corona  with  V|j  decreasing  as  B Increases 

until  they  are  reflected  in  a mirror  region.  Then  they  will  propagate  upwards 
(Figure  2). 


Figure  2.  The  physical  representation  of  the  type  111  exciters 
and  of  the  narrow  burst  emission  in  .an  arch  magnetic  field  con- 
f Iguration. 


Therefore  the  beam  Just  after  reflection  is  such  as  ^'||  • shall  show  that 

the  conditions  in  the  medium  as  well  as  in  the  beam  are  such  that  a cyclotron  be.im 
plasma  instability,  according  to  the  Mangeney  and  Veltrl  theory  (197ba,  b)  can 
occur.  This  emission  gives  rise  to  short  lived  narrow-band  bursts,  the  character- 
istics of  which  are  in  agreement  with  the  "negatively  drifting  structures". 
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3,1  Type  III  Eiiiiiiif>n 


/ IT 

We  define  the  medium  by  a model  of  density  N (r)  - 10  x 3.6  10  (Leblanc 
et  al.,  1973)  and  the  thermal  velocity  V^.  ° 

The  beam  Is  defined  by  an  electron  density  Njj,  an  Initial  average  energy 

which  Is  supposed  to  be  constant  along  the  propagation,  and  a non-zero  average 
pitch-angle.  We  call  velocity  distribution  function  of 

the  medium  and  of  the  beam  along  the  direction  of  propagation.  V| Is  the 

average  value  of  vii  at  a given  altitude  and  the  velocity  dispersion  of  the 
beam.  '' 


'b<''lp  - 


(1) 


(2) 


While  the  beam  propagates,  vu  decreases  and  the  type  III  emission  disappears  near 

))  m 

the  point  where  the  total  velocity  dispersion  function  of  the  medium 
more  positive  slope. 


We  can  then  deduce  the  value  of  v 
the  type  Ill-Hke  burst. 
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V||^  which  corresponds  to  the  end  of 


We  obtain,  for  10  ^ < 10  \ two  ranges  of 
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We  test  these  values  from  another  approach.  We  write  the  relationship 
between  the  variation  of  the  magnetic  field  In  the  arch  and  the  observed  frequency 
drift: 
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(Figure  3), 
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Figure  3.  Variation  of  the  magnetic  field  B(r)/B  along  the  arch.  Three 
curves  are  computed  for  two  sets  of  values  of  f and  U^.  The  regions  where 
the  n.d.s.  and  the  p.d.s.  are  observed  are  Indicated. 


B Is  the  magnetic  field  In  the  mirror  region  and  f the  angle  between  the 
n 

magnetic  field  and  the  radial.  This  relation  gives  us  the  lower  limit  to  the 
velocity  since  the  term  In  brackets  must  be  less  or  equal  to  1 at  the  altitude 

where  the  emission  occurs. 

We  find  U i 0.27  c ('f  - 30“) 
o 

U > 0.46  c (y  - 60*). 
o ~ 

Now  the  variation  of  the  parallel  component  of  the  velocity  V||(r)  In  the  region 
where  the  type  III  emission  occurs  Is: 


v,|  (r) 


I - (Figure  4) 


V|,  (r) 


2/r 

10  ' cos  y 


relation  Independent  of  I'  (viifr)  la  expressed  In  units  of  c,  and  r In  solar 
radii).  " 


Figure  4.  Variation  of  the  parallel  component  of  the  velocity 
V|| (r)  along  the  arch.  The  two  curves  are  computed  for  two 

values  of  The  end  of  type  III  emission  Is  Indicated  by  an 
arrow. 


We  then  compute  ''jjf  altitude  (r)  where  the  type  111  emission  stops. 

We  compare  this  value  with  that  computed  previously.  We  find  that  the  agreement 
is  good  for  large  values  of  V (S'  ~ 60*),  small  beam  dispersion  velocity  (V  ~ 2V  ) 
N.  _5  be 

and  low  density  beam  — • - 10  (although  this  parameter  Is  not  too  severe) . 
o 

To  sura  up  this  part  we  find  that  the  accelerated  electrons  have  energies 
higher  or  equal  to  0.46c  (63  kev) , that  the  parallel  component  of  the  velocity  is 
of  the  order  of  0.14c  when  the  type-ill  emission  disappears  (at  an  altitude  of 
- 2.15  for  a given  model  of  density). 


3.2  Nairow-Band  Bunt  Emission 


After  reflection  In  the  mirror  region,  the  characteristics  of  the  beam  are; 

• the  perpendicular  component  of  the  velocity  Is  much  larger  than  the  parallel 
one  (vj^  » '' 11  ) • 

• the  average  pitch  angle  6 is  non  zero  at  the  altitude  r ^ 1.5  K . 

• the  average  energy  of  the  beam  Is  higher  than  63  kev. 

• the  beam  density  ratio  (Nb/N^)  Is  small  (<  10  ^)  since  after  propagation  and 
reflection  It  becomes  less  and  less  dense. 

o the  relative  dispersion  of  the  beam  velocity  Is  small. 

In  the  medium  the  magnetic  field  In  the  arch  Is  probably  very  high  since  a 
type  IV  emission  Implies  a synchrotron  mechanism,  and  magnetohydrodynamlc 
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fluctuations  are  present  since  the  studied  coronal  region  lies  above  sunspots. 


Manitenev  and  Veltrl  lld7t>a,  b)  show  that  If  all  these  conditions  are  fulfilled, 
a beam  plasma  Instability  occurs  and  a burst  of  elect  romaitnet  Ic  radiation  Is 
emitted  at  a frequency  slltthtly  higher  than  the  local  plasmji  frequency  and  close 
to  V times  tt>e  electron  syrv'f requency  lln  our  frequency  ranse  v ■ 2).  Then  the 
particles  escape  from  the  emission  region  with  almost  no  perpendicular  mona'iitum. 

The  characteristics  of  the  emission  are  In  agreement  with  the  observed  short  lived, 
narrow  band  bursts  In.d.s.). 

Bv  using  this  theory,  we  mav  derive: 

• the  altitude  ot  this  emission:  l.di  R ■-  r ^ 2.07  R 

• -1 

• the  velocity  dispersion  of  the  reflected  be.im:  - S.sOO  Km  s 

• the  tvirbulent  fluctuations  within  the  source:  ' It 

• the  local  magnetic  field  In  the  arch:  B~d  gauss  between  l.S  K and  2 K and 
1 R^.  Moreover  we  explain  whv  we  don't  observe  tvpe  III  bursts  after  the  nafrow- 

band  short  lived  bursts  as  the  beam  goes  upward.  Indeed  after  this  burst  emission 
the  particles  will  escape  from  tiu-  emission  reglv'n  witli  almost  no  perpendicular 
nk'mentum  so  that  tlie  parallel  component  of  the  velocity  cannot  reach  a value  high 
enough  to  give  rise  to  tvpe  111  burst  emission  in  our  frequency  range. 
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Timing  of  Beginnings  of  Type  II  Radio  Bursts 

by  Energetic  Particle  Flares 

L.  Krivtky 
Astronomical  Instituta 
Czechoslovak  Academy  of  Sciences 
251  65  Ondfqov,  Czechoslovakia 


Abstract 


In  this  paper  we  have  studied  the  problem  of  the  onset  of  the  shock-wave 
radio  emission  in  the  development  of  a solar  energetic  particle  flare.  It  is 
evident  that  the  shock  wave  Is  generated  with  most  flares  In  the  so-called 
explosive  phase  of  the  flare,  between  the  time  of  Its  brightening  and  the  time 
of  the  Ha  maximum,  or  close  to  it. 


The  recently  published  "Catalog  of  Solar  Particle  Events  1955-1969"  (Dodson 
et  al.,  1975),  based  on  extensive  observational  data  and  measurements  of  flare 
emissions  at  terrestrial  observatories,  on  Interplanetary  probes  and  satellites. 
Is  a source  of  data  for  further  Investigation  of  these  phenomena  and  of  the 
relations  between  some  of  the  parameters.  The  Catalog  enabled  us  to  answer  the 
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question  as  to  the  phase  of  development  of  the  high-energy  particle  flare  In  which 
Identification  of  the  type  II  radio  emission  Is  made,  which  reflects  the  generation 
and  passage  of  a shock  wave  from  the  flare  via  the  corona  Into  outer  space  (Kal, 
1969;  Harvey  et  al.,  197A;  Dodge,  1975;  Ktlvsky  and  Pinter,  1975b). 

Earlier  Svestka  and  Frltzova  (197A)  have  studied  the  time  connection  between 
the  onset  of  type  II  bursts  and  the  occurrence  of  the  microwave  burst  maxima:  on  an 
average,  the  onset  of  the  metric  type  11  was  delayed  by  2 min  relative  to  the 
microwave  burst  maxima;  In  all  cases  the  type  II  followed  the  onset  of  microwave 
bursts. 

Type  II  radio  emission  can  be  determined  from  spectrograms,  constructed  from 
the  records  of  Individual  frequencies  In  the  metre  and  dekametre  ranges  by  radio 
meters,  or  much  more  reliably  by  means  of  radio  spectrographs  (where  the  axes  are 
time  and  frequency) . The  Catalog  In  question  gives  the  commencements  of  type  II 
emissions;  this  emission  may  be  generated  by  a shock  wave  at  various  altitudes  of 
the  solar  corona  above  the  flare  (and,  therefore,  may  be  manifest  at  different 
frequencies  with  a view  to  the  different  plasma  concentration  values)  and  also 
recording  It  at  terrestrial  stations  must  depend  on  complicated  and  variable  (and 
not  fully  known)  conditions  of  the  Index  of  refraction  and  propagation  of  radio 
waves  (McLean,  1974).  vniether  the  emission  will  be  received  on  Earth  should  be 
determined  by  the  distance  of  the  flare  from  the  solar  disk  centre.  (A  radio 
emission  from  a shock  wave,  generated  by  flares  near  the  solar  disk  limb,  should 
not  be  recorded  on  Earth  at  all,  however,  this  Is  not  always  true.)  The  shock 
wave  will  probably  be  generated  earlier  than  would  correspond  to  the  Individual 
date  of  radio  observations;  the  radio  emission  will  In  fact  be  recorded  at  a time 
when  the  shock  wave  Is  at  a certain  altitude  from  which  the  radiation  Is  able  to 
penetrate  the  corona  towards  the  Earth.  Determining  the  time  of  onset  of  the  type 
II  emission  may  also  be  affected  on  spectrograms  by  being  obscured  by  another  type 
of  emission,  e.g.,  type  IV  (plasma  cloud  emission),  or  even  by  different  record 
sensitivities.  At  least  these  main  Items  should  be  pointed  out  for  us  to  realize 
that  the  actual  generation  of  the  shock  wave  may  In  fact  take  place  earlier  than 
the  beginnings  of  type  II  radio  emissions,  adopted  from  observations  at  the 
observatories  given  In  the  Catalog. 

In  order  to  treat  this  problem,  which  may  be  Investigated  statistically,  it  is 
necessary  to  select  a physically  significant  phenomenon  In  the  development  of  the 
flare,  which  can  be  determined  with  sufficient  accuracy  and  which  can  be  evaluated 
sufficiently  reliably  from  observations  or  a film  record.  As  a result  of  extensive 
practical  experience  we  may  say  that  this  is  not  the  beginning  of  the  flare  (there 
is  a larger  Inaccuracy  In  determining  the  time  here) , much  less  the  end  of  the 
flare,  but  only  the  maximum  of  the  flare  brightness,  determined  according  to  the 
photographs  of  the  flare  In  the  Ha  hydrogen  line.  The  time  of  the  maximum  of  the 
flare  brightness  is  usually  nearly  Identical  with  the  maximum  width  of  the  Ha 
line,  which  Is  sometimes  also  measured  in  determining  the  development  of  the  flare. 
The  data  on  the  maximum  of  the  flare  brightness,  given  In  the  Catalog,  may  display 
a minor  Inaccuracy  In  time,  i 2 min.  As  regards  this  maximum  of  flare  brightness 
It  should  be  added  that  this  Is  a culmination  of  the  emission  processes  from  the 
point  of  view  of  physical  processes  mostly  of  a secondary  nature,  when  the  flare 
plasma  has  already  been  extensively  thermallzed  and  when  the  so-called  Impulsive 
phase  of  the  flare  has  already  reached  its  peak,  i.e.,  when  the  Intensity  of  the 
short  burst  of  the  hard  X-emlsslon  and  of  the  radio  emission  in  the  GHz  range  Is 
already  decreasing;  this  also  reflects  the  triggering  and  Impulsive  phases  of  the 

main  acceleration  of  the  particles  of  energies  of  10^  - 10^^  eV  (K^ivsky  and  Pinter, 
(1975a). 


Those  imoortrttuiloK  In  the  tyv'o  U rtwllo  omlHHion  dnln  and  the  flnro 
brlghtnosH  maxima  had  to  ho  pointed  onti  in  order  to  allc>w  os  to  evnluAie 
critically  the  statist  leal  resvilt  of  the  relation  being  invest  tgated. 

The  Catalog  conialtts  380  chsoh  llOOtl  of  all  identllled  flares  with  ejectionM 
of  very  fast  panicles.  Of  these  162  (43Z)  flares  were  aceompanied  by  type  11 
emissions;  with  some  other  flares,  emissions  of  this  Ivpo  were  also  probably  in 
evidence,  however,  they  could  not  he  determined  for  various  reasons.  For  the 
Statistics  143  cases  138X)  were  used  for  which  the  data  on  the  type  11  conunence*^ 
ments  and  Ha  brightness  maxima  were  relatively  reliable.  If  several  cases  of 
repeating  type  II  emissions  with  a single  flare  werr  identified,  the  oomnuMU'ement 
ol  the  first  occurrence  iind  the  main  first  flare  brightness  maximum  were  considered. 
If  several  separate  bursts  In  Ha  and,  tberelori*,  also  brlglitness  maxima  (as  well  ns 
several  typo  11  emissions)  wi'ie  observed  with  a Mare,  which  was  quite  exceptional, 
the  separate  cases  were  considered  to  represent  individual  cases  In  the  statistical 
treatnH'iit . 

Vhe  data  wer*'  processed  as  folli>ws:  at  minute  intervals  (M  lor  to  and  after 
the  occurrence  v'l  the  flare  brightness  maxinmm  In  Ha  the  luimhet  s ot  tvpe  II  onsets 
were  recorded.  Figure  I shows  the  histogram  with  l-mimrte  i nt  I'rv.’i  1 s , which 
eliminates  the  excessive  l-mfnutt'  Interval  l luct  ual  Ions . The  lUsfogram  indicates 
tliat  t lu'  natur.-il  scatter  is  within  the  range  ol  pliis-m(i\us  mltuues  relative  lt> 
the  occurrence  of  the  flare  maximum:  tljore  are  6 v.ilues  iu>l  given  on  the  histogram 
which  are  removed  hv  nnu'e  than  22  minus  minute's,  aiui  2 le'inovci!  hv  mor«*  than  22  plus 
minutes.  The  mean  vaUie  Is  - I min,  i In'  mt'eM.in  -2  min,  and  the  mi'dulus  • 0 min. 


niOlk  H* 


Figure  1,  The  occurrence  i>l  the  beginning  of  the  tvpe  11  radio  hursts  before  (-) 
and  after  (+)  maxtm.'t  of  energetic  particle  flare's  In  Ha.  Maxima  In  Ha  t • 0 min. 
Inis  histogram  was  treateei  for  tliroe-mii\u( »'  intervals.  Number  ol  cases  bete're  t • 0 
was  87,  after  t 0 was  Sh;  mean  value  -3  min,  meiilan  -2  min,  moelulus  » 0 min. 
Typical  elevelopment  of  flares  of  this  kind  is  given  in  the  curve:  mean  durat ion 
tre'm  heginiting  te'  m.ixlnuim  16.7  min  freMM  m.ixlmum  to  end  70.0  min;  n\»mher  ol  cases 
246. 
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Tills  result  should  be  considered  as  a first  attempt  of  this  kind  to  solve  the 
problem  statistically.  It  Is  clear  and  Indubitable  that  the  generation  of  a shock 
wave  within  a high-energy  particle  flare  from  the  point  of  view  of  their  duration 
and  development  la  not  distributed  randomly  over  the  whole  duration  of  the  flare, 
lasting  from  several  tens  of  minutes  to  several  hours.  Using  the  same  Catalog,  the 
average  duration  of  the  phase  from  flare  commencement  to  maximum  and  from  maximum 
to  the  end  was  determined  to  characterize  the  average  development  of  high-energy 
particle  flares.  The  curve,  constructed  from  2A6  cases  (using  only  reliable  time 
data)  is  also  shovm  In  Figure  1.  It  Is  Indubitable  that  the  concentration  of  the 
main  occurrence  of  type  11  t'misslons  Is  associated  with  the  flare  brightness 
maximum  with  a slight  tendency  to  precede  this  maximum  (the  number  of  type  II 
occurrences  prior  to  the  flare  brightness  maximum  Is  87,  after  the  maximum  56).  If 
one  considers  that,  for  reasons  given  In  the  discussion  of  type  II  emission  at  the 
beginning,  the  actual  generation  of  the  shock  wave  will  precede  the  time  of  the 
first  recording  of  the  type  II  radio  emission  for  several  reasons.  It  Is  evident 
that  the  shock  wave  Is  generate  with  most  flares  In  the  so-called  explosive  phase 
of  the  flare,  between  the  time  of  its  brlglitenlng  and  the  time  of  the  Ha  maximum, 
or  close  to  It. 
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Abstract 


The  plane  of  polarization  of  the  S-band  carrier  signal  of  the 
Hellos  spacecraft  Is  rotated  along  Its  downlink  ray  path  according  to 
the  Faraday  effect.  Measurable  Faraday  rotation  from  the  solar  cor- 
ona Is  observed  at  times  of  superior  conjunction  at  solar  offsets 
between  2-15  solar  radii.  The  effects  of  the  quiescent  corona  on  the 
time  profile  of  the  measured  Faraday  rotation  are  limited  to  varia- 
tions on  a large  time  scale  (t  = days)  due  to  the  slowly  changing 
solar  offset  and/or  the  rotation  of  the  coronal  structure.  On  a num- 
ber of  occasions,  however,  the  recorded  signature  was  Interrupted  by 
characteristic  excursions  from  the  presumed  baseline  in  a manner  sim- 
ilar to  the  Faraday  rotation  transients  first  seen  with  Pioneer  6 in 
1968.  The  events  observed  during  the  Helios  missions  occurred  much 
less  frequently  than  during  the  solar 'maximum  experiment  on  Pioneer  6, 
and  cannot  always  be  directly  correllated  with  Ha  flares.  Particu- 
larly interesting  activity  was  seen  on  day  number  200  (18  July,  1976) 
when  two  large  events  were  registered  at  the  Effelsberg  ground  station 
during  the  outbound  occultation  of  Hellos-2  on  the  solar  west  limb. 
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The  heliocentric  orbits  of  the  si'acecraft  Helios-1  and  Helio8-2 
are  ideally  suited  for  radio  science  investigations  during  solar  oc- 
cultation.  The  6 month  period  and  zero  inclination  of  the  Helios  orbit 
results  in  at  least  one  short-duration  interval  annually,  in  which  the 
Helios/Earth  ray  path  is  physically  occulted  by  the  photosphere. 
Additional  long-duration  occultations  occurred  on  both  satellites  ap- 
proximately 4 months  after  launch.  The  Faraday  rotation  of  the 
linearly  polarized  S-band  carrier  signal  of  the  spacecraft  was  mon- 
itored at  receiving  stations  in  Effelsberq,  Germany  and  Goldstone, 
California  in  1975  and  1976  during  these  occultations.  A measurable 
effect  from  the  quiescent  solar  corona  becomes  noticeable  for  solar 
offsets  (the  closest  approach  of  ray  patli  to  the  Sun)  less  than  about 
10  Rp).  The  large-scale  time  variation  of  the  Faraday  rotation,  which 
can  bo  used  under  certain  assumptions  to  infer  radial  and  longitudinal 
structure  in  the  corona,  l>as  been  discussed  by  Volland  et  al.  (1977). 


Short-time  scale  variations  In  the  Faraday  rotation,  which  cannot 
be  attributed  to  either  rigid  rotation  of  the  coronal  material  or 
motion  of  the  Hellos  ray  path,  have  also  been  observed  during  the 
Hellos  mission.  On  at  least  one  occasion,  the  magnitude,  duration  and 
signature  of  the  Faraday  profile  were  astoundlngly  similar  to  those  of 
the  events  seen  by  t.evy  et  al . (1969)  with  Pioneer  6.  A description 
of  this  Helios  Faraday  rotation  transient  together  with  some  other 
remaricable  events  are  presented  in  this  report.  As  with  the  transients 
observed  on  Pioneer  6 (Schatten,  1970;  Pinter,  1973),  outstanding 
occurrences  of  radio  emission  and  observed  Hn  flares  are  examined  for 
their  possible  roles  in  causing  such  Faraday  events.  In  particular, 
it  is  demonstrated  that  the  nature  and  occurrence  frequency  of  the 
Faraday  rotation  transients  are  exactly  those  expected  from  the  pas- 
sage of  a coronal  mass  ejection  cloud  through  the  line-of-sight.  There 
has  been  a dramatic  improvement  in  the  statistical  data  base  for  mass 
ejection  events  after  the  synoptic  white  light  coronograph  observations 
on  board  S)cylab.  Many  resvilts  of  investigations  describing  the  phen- 
omenology and  general  characteristics  of  the  mass  ejection  event  are 
now  available  (e.g.  Gosling  et  al.,  1974;  Hlldner  et  al.,  1975a; 

Hlldner  et  al.,  1975b;  Gosling  et  al.,  1975;  Hlldner  et  al.,  1976; 
Gosling  et  al.,  1976;  Poland  and  Munro,  1976;  and  Dul)c  et  al.  , 1976). 


2.  IIF.I.I0.9  r\R AI)\Y  W<)r.Arl<)^  TKANSIEM’S 


The  measured  signal  Faraday  rotation  on  day  241  (29  AUG  1975) 
dvirlng  the  second  solar  occultation  of  Helios-1  is  presented  in  Fig.  1. 
The  solar  offset  is  given  at  the  top  of  the  figure.  The  dashed  line 
at  zero  degrees  is  the  nominal  baseline  of  the  Helios  signal  for  large 
solar  offsets  (no  coronal  contribution).  The  times  of  significant 
single  frequency  radio  bursts  are  designated  with  coded  letters.  The 
)tpy  to  the  code  with  information  on  each  burst  event  for  the  Figures 
1-4  is  given  in  Table  1. 


Aside  from  a few  minor  disturbances,  the  measured  Faraday 
rotation  increased  monotonical ly  to  higher  positive  values  in  accord- 
ance with  the  ray  path's  decreasing  distance  to  the  Sun.  The  profile 
becomes  abruptiy  irratic  at  about  2140  UT,  moving  down  about  200^-^, 
returning  briefly  to  the  baseline,  and  then  plunging  down  again  to 
"zero"  over  about  one  hour's  time.  The  tracking  pass  at  Ooldstone 
unfortunately  ended  at  2400  IIT  during  this  unusual  event . 


Only  two  small  H«  flares  were  reported  in  Solar-Geophys . Data  on 
29  AUG  1975,  both  occurring  much  too  early  to  be  correlated  with  the 
Faraday  transient.  A solar  noise  storm  was  in  nrooress  moat  of  the 
day.  Since  the  majority  of  reported  white  light  transients  are  not 
flare  Induced,  but  more  likely  the  coronal  reaction  to  an  eruptive 
prominence  (Gosling  et  al.,  1974>  Hlldner  et  al.,  1975b),  a search 
should  be  made  for  the  fate  of  prominences  near  the  west  limb  late  on 
1975  day  241.  Solar  filaments  were  observed  above  McMath  active  re- 
gion 1380S,  which  was  located  about  10®  beyond  the  west  limb  at  the 
time  of  the  event.  A limb  prominence  associated  with  this  region  is 
noted  on  the  NOAA  Boulder  Ha  patrol  map  for  29  AUG  1975  (Solar-Geophys . 
Data , OCT  1975),  but  is  missing  on  the  following  day. 
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Figure  2.  Hellos-1  Signal  Faraday  Rotation  at  F.ffelaberg  (top) 
and  at  Goldstone  (bottom)  on  1 SEP  1975  (DOY:  244;  Limb:  East) 


Fig.  2 shows  the  east  limb  continuation  of  the  experiment  on  1 
SEP  1975  upon  recovery  of  Hellos-1  after  the  hlacitout  imposed  by  the 
occultation.  Considerable  structure  is  seen  at  small  solar  offsets, 
but  no  fluctuations  are  prounounced  enough  to  be  justly  proclaimed 
"coronal  transients".  The  main  reason  for  showing  the  passes  for  this 
day  is  to  display  the  reaction  of  the  Faraday  rotation,  or  more  accu- 
rately, Its  1 aclc  of  reaction  to  the  largest  flare  reported  during  the 
occultatlons  of  both  Helios  spacecraft.  A flare  of  Importance  In  loca- 


ted  at  N03,  E53  was  seen  at  1507  UT.  Assuming  radial  propagation  of 
the  disturbance  from  this  flare,  the  traversal  of  the  Helios/Earth 
line-of-sight  would  occur  as  early  as  1530  UT  (for  a propagation  vel- 
ocity a 1000  km  s“')  with  a most  probable  time-of-arrival  around 
1550  UT  using  the  mean  velocity  of  flare-initiated  transients  from 
Gosling  et  al.  (1976)  of  775  km  s“'.  Although  an  unfortunate  data 
gap  exists  from  1530-1600  UT,  it  is  apparent  from  the  remaining 
Faraday  profile  that  this  flare  exerted  very  little  if  any  influence 
on  the  medium  probed  by  the  Helios  ray  path.  Either  not  every  In 
flare  is  capable  of  producing  a coronal  transient,  or  (more  likely) 
the  propagation  direction  was  removed  far  enough  from  the  radial,  that 
the  disturbance  effectively  missed  the  Helios/Earth  ray  path. 


An  unusual  wiggle  in  the  recorded  Faraday  trace  with  peeOc-to-peak 
amplitude  of  20°  and  duration  of  6 hours  is  shown  in  Fig.  3.  This 
plot  is  for  the  Effelsberg  pass  of  22  MAY  1976  when  the  apparent  posi- 
tion of  Hellos-2  was  5 R-  from  the  solar  east  limb.  Some  radio  burst 
activity  occurred  concurrently  with  the  disturbance  in  the  Faraday  pro- 
file. Furthermore,  a -f  flare  located  at  S07,E30  was  observed  at 
0455  UT  with  the  remark  "probably  the  end  of  a more  Important  flare". 
Again  assuming  radial  propagation  from  this  flare,  the  Faraday  anomaly 
beginning  at  0800  UT  could  have  arisen  from  such  a flare  induced  dis- 
turbance if  the  propagation  speed  were  about  500  km  s“',  a not  un- 
realistic value  (see  Gosling  et  al.,  1976). 
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Figure  3.  Hellos-2  Signal  Faraday  Rotation  at  Effelsberg  on 
22  MAY  1976  (nOY:  143;  Limb;  East) 
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Figure  4.  Helios-2  Signal  Faraday  Rotation  at  Effelsberg  on 
18  JUL  1R76  (DOY:  200;  Limb;  West) 


Fig.  4 shows  the  only  truly  unambiguous  example  of  a coronal  Fara- 
day rotation  transient  seen  so  far  on  the  Helios  missions.  On  day  200 
(18  JUL  1976)  Helios-2  was  located  at  a solar  offset  of  3.7  R_  on  the 
west  limb,  when  a sudden  drop  of  about  100°  was  registered  at®the 
Effelsberg  receiving  station  at  1130  UT.  The  polarization  angle  re- 
mained far  below  baseline  value  until  returning  at  1400  UT,  2.5  hours 
after  the  onset  of  the  anomaly.  The  trac)c  for  the  remainder  of  the 
day  was  uneventful.  A precursor  to  this  transient  was  observed  at 
0800  UT  on  the  s2ime  day.  In  view  of  the  temporal  proximity  of  this 
first  disturbance  to  the  unambiguous  event  observed  three  hours  later, 
it  is  assumed  that  the  two  may  be  related.  Also  interesting  is  the 
timing  of  the  radio  burst  activity  on  18  JUL  (Solar-Geophys . Data.  JAN 
1977).  A splice  at  260  MHz  occurred  at  precisely  the  deep  minimum  in 
the  Faraday  profile  at  0830  UT.  Decimetric  burst  activity  proceeded 
the  Faraday  rotation  transient,  reaching  maximum  intensity  at  1130  UT, 
l.e.  the  time  of  transient  onset. 


July  1976  is  the  designated  beginning  of  solar  cycle  21  and  as  such 
may  be  considered  a typical  month  of  extreme  solar  minimum.  The  mean 
relative  sunspot  number  was  only  2.1  and  only  6 subflares  of  Importance 
-f  were  reported,  none  of  which  was  even  remotely  cxsnnected  with  the  < 

Faraday  anomaly  on  18  JUL.  A fairly  large  equatorial  filament  was  seen  j 

at  Central  Meridian  Passage  (CMP)  over  the  McMath  region  14307  on  10 
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llQ  Events  Indicated 

in  Fiaure 

» 1-4 
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3 
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1104 
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Notes:  Station  and  burst  type  codes  are  from  Solar-Geophys . Data,  378. 
Fiqure  Is  Hellos-1  West  Limb  29  AUG  19')5. 

Figure  2s  Helios-1  East  Limb  1 SEP  1975. 

Figure  3s  Helios-2  East  Limb  22  MAY  1976. 

Figure  4s  Helios-2  West  Limb  18  JUL  1976. 


JUL  1976  (Carrington  longitude  150°).  At  the  next  CMP  on  6 AUG  1976, 
the  magnetic  structure  at  this  heliographic  longitude  had  been  signif- 
icantly rearranged.  One  must  consider  the  possibility  that  the  fila- 
ment underwent  dlsparltion  brusque  during  its  west  limb  passage  (McMath 
14307  was  25°  behind  the  limb  at  time  of  transient). 


3.  A SIMPLE  MODEL 


A survey  of  the  possible  causes  of  the  Faraday  rotation  transients 
on  Pioneer  6 and  Pioneer  9 has  been  given  by  bird  (1976).  Among  the 
suggestions  are  Iclnks  in  the  magnetic  field,  coronal  magnetic  bottles 
and  moving  solar  plasma  clouds  with  constant  radial  magnetic  field. 
Recent  work  by  Dulk  et  al.  (1976)  suggests  that  the  mass  ejections  are 
magnetically  controlled.  Magnetic  energy  densities  derived  assuming 
that  the  metric  radiation  associated  with  the  transient  arises  from  the 
gyro-synchrotron  process  were  over  10  times  greater  than  thermal  ener- 
gies in  the  cloud,  and  even  marginally  greater  than  the  kinetic  energy 
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density.  Since  the  magnetic  field  S cannot  be  separated  from  the  elec- 
tron density  N in  a determination  of  the  Faraday  rotation » the  two  quan- 
tities will  he  considered  together.  The  direction  of  5 will  be  consid- 
ered to  be  approximately  radial  within  the  transient. 


The  quasi-longitudinal  approximation  for  the  Faraday  rotation  of 
the  Hellos  signal  (f  « 2.29  GHz)  is  given  by 


fl  ” K / N S«d3  degrees 


(1) 


where  K « 2.58  « 10  in  gausslan  units.  Assuming  that  the  product  N*B 
falls  off  radially  as  r"'-'',  the  excess  Faraday  rotation  from  the  trans- 
ient will  be  given  by 
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-KnLN  B (sini}'  /a) 
o o o 


cos4* 


(2) 


where  n 
I. 


N 

n 


o 

o 
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transient  enhancement  factor  (Increase  in  N*B  over  ambient) 
thicl^ness  of  transient  along  1 ine-of-sight 
ambient  electron  density  extrapolated  to  coronal  base 
ambient  magnetic  field  strength  at  coronal  base 
heliographic  longitude  of  transient  (Fig.  5) 
solar  offset 


Fig.  5 is  a schematic  drawing  of  the  corona  at  the  time  of  the 
transient  on  18  JUL  1976.  The  magnetic  field  polarities  of  the  regions 
in  heliographic  longitude,  which  agree  with  the  inferred  polarities 
taken  from  polar  cap  magnetograms  (Solar-C^ophys . Pata,  SKP  1976),  are 
indicated  by  arrows.  The  numbers  indicated  in  each  region  are  the 
valvic  of  N n (in  units  of  10*  g cm--')  derived  from  the  large-scale 
Faraday  da^a^ln  July  1976  using  a simplified  technique  developed  by 
Volland  et  al.  (1977).  Comparing  Kq . (2)  with  Fig.  5,  it  becomes  appa- 
rent that  the  negative  Faraday  rotation  transient  could  only  occur  for 
the  combination  B < O and  cos#  "*  0 (i.e.  behind  the  limb).  Using  the 
observed  values  « -lOo”  and  S » ,1.6  R^,  one  may  obtain  the  value  of 

nt,  reoulred  for  transients  originating  at  all  j^alues  of  # . As  men- 
tioned, only  values  in  the  range  30^  < # < 9o  yield  the  correct  sign 

for  the  transient,  and  at  these  longitudes  nl*  has  the  value  1, 5-5.0  R^. 
For  example,  if  the  quiescent  prominence  at  » 65*^  really  did  erupt 
and  cause  the  transient  observed  here,  nl<  * 1.7  R^^.  This  would  indicate 
that  the  thickness  of  the  loop  transient  wuld  have  to  be  well  under 
1 R_  in  order  to  have  a density  enhancement  close  to  values  ol'served 
by  nildner  et  al.  (1975a). 


».  TR  XN.SIKM'  OCC.l  RRKNC.K  KUKyiiKM'.! 


A study  of  the  spatial  distribution  of  coronal  transients  by 
Hlldner  et  al . (1976)  has  determined  that  the  occurrence  frequency 
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tends  to  maximize  at  certain  preferred  longitudes.  Although  the  ex- 
perimental restraints  do  not  allow  a finer  resolution  in  heliolongi- 
tude than  quadrants,  a remarkable  high  correlation  exists  between  the 
number  of  transients  seen  and  the  7-day  running  average  of  the  Zurich 
sunspot  number  in  each  quadrant.  Hildner  et  al.  (1976)  derive  the 
following  linear  relation 


T - 0.96  0.084  Rj,  (3) 

where  T is  the  number  of  transients  seen  per  solar  rotation  in  one 
quadrant,  and  R^  is  the  mean  relative  sunspot  number  in  that  quadrant. 
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A relation  slightly  different  from  Eq.  (3)  was  obtained  using  different 
(arbitrary)  dividing  longitudes  for  the  quadrants.  For  the  purposes 
of  this  paper,  a simple  mean  of  Eq.  (3)  and  the  relation  for  arbitrary 
longitudes  will  be  used.  This  Is 


T - 1.25  + 0.075  R,  (4) 

z • 


The  expression  given  by  Eq.  (4)  could  be  employed  to  determine  the 
most  probable  number  of  Faraday  rotation  transients  observed  during  a 
given  solar  occultatlon.  Since  Eq.  (4)  Is  derived  for  the  Skylab 
white  light  coronograph  that  covers  all  solar  position  angles,  It  must 
be  modified  for  a Faraday  rotation  experiment  which  Is  monitoring 
essentially  only  one  point  In  the  corona.  The  number  of  Faraday  rota- 
tion transients  seen  per  day  T.  for  solar  offsets  less  than  10  Rg  Is 
estimated  to  be  Eq.  (4)  divided  by  14  (seven  days  per  quadrant,  only 
one  limb  available  to  Faraday  measurements)  multiplied  by  a factor  e 
accounting  for  those  transients  which  would  be  observed  on  Skylab,  but 
occur  at  higher  latitudes  and  therefore  would  not  pass  through  a line- 
of-sight  in  the  ecliptic  plane.  One  thus  obtains 


T,  - E (0.089  + 0.00535  R,)  . (5) 

Cl  z 

The  factor  e Is  computed  from  the  relation 
1 ''/2 

E » / f(e)de  / f f(e)de  (6) 

o o 


where  f(0)  Is  the  (unknown)  distribution  of  transients  in  heliographic 
latitude,  and  It  Is  (generously)  assumed  that  all  transients  within 
one  radian  of  the  equator  would  be  registered  by  the  Faraday  rotation 
experiment.  Using  an  approximate  distribution  of  prominences  rather 
than  the  transients  themselves  for  f(6),  one  obtains  different  values 
of  E for  solar  maximum  and  solar  minimum.  This  occurs  because  about 
twice  as  many  prominences  occur  at  low  solar  latitudes  during  solar 
maximum  as  opposed  to  equal  probability  over  all  6 at  minimum.  If  then 
f“1  at  solar  minimum,  and  f«2  (0<9<1),  f»1  (1  <9<  w/2)  at 
solar  maximum,  one  obtains 


0.64, 

0.78, 


solar  minimum  (Hollos,  1975,1976) 
solar  maximum  (Pioneer  6,  1968) 


(7) 


A tabulation  of  the  number  of  transients  expected  for  intervals 
during  the  Pioneer  6 and  Hellos  missions  is  displayed  In  Table  2.  Only 
days  for  which  the  solar  offset  was  l^ess  than  10  R^  are  considered.  Also 
given  are  the  mean  of  the  values  of  R vised  over  the  Interval , the  total 
days  of  actual  observation,  and  the  number  of  transients  actually  seen. 
It  now  becomes  clear  why  the  solar  minimum  occultations  of  Helios  were 
so  "uneventful”. 


Table  2.  Theoretical  Transient  Observations  from  Eg.  (5) 


Mission 

(year) 

Occultation 

Time 

Interval 

Total  Actual 
Observation 
Time  (days) 

Mean  R 

z 

over 

Interval 

Nr.  of  Transients 

Pred. 

Obser. 

Pioneer  6 

3 NOV- 8 DEC 

7.18 

105.5 

3.6 

3 

(1968) 

Helios-1 

15  APR-29  APR 

3,56 

r.7 

0.2 

0 

Helios- 1 

26  MAY- 14  JtJN 

1.51 

• .3 

0.1 

0 

Hellos-1 

25  AlIG-4  SEP 

4.07 

16  .0 

0.5 

1? 

Helios-1 

all  data 

9.14 

8.9 

0.8 

0 or  1 

(1975) 

Helios-2 

9 MAY- 14  MAY 

2.05 

18.4 

0.2 

0 

Helios-2 

19  MAY- 30  MAY 

3.80 

1.1 

0.2 

1? 

Helios-2 

1 JUN-30  JUN 

4.46 

12.0 

0.4 

0 

Helios-2 

16  JOL-30  JtiL 

4 .OO 

0.3 

0.2 

1 

Helios-2 

all  data 

14.31 

6.8 

1.1 

1 or  2 

,a^76?  _ 



5.  COMCLL'SIONS 


Short-duration  deviations  from  the  slowly  varying  baseline  have 
been  observed  in  the  Faraday  rotation  profiles  of  the  Helios  space- 
craft during  solar  occultation.  It  is  concluded  that  this  anomalous 
behavior  results  from  outward  moving  electron  density  and  magnetic 
field  irregularities  in  the  solar  corona,  which  when  observed  in  white 
light  are  denoted  "mass  ejection  events"  or  simplv  "coronal  transients". 


The  typical  mass  content,  velocity  and  structure  of  the  coronal 
transients  are  compatible  with  the  magnitude,  duration  and  signature 
registered  in  the  Faraday  profile  during  such  an  event.  The  Faraday 
rotation  transients,  like  their  optical  alter  ego,  are  not  always 
triggered  by  flares.  It  is  speculated,  although  the  evidence  is  in- 
conclusive, that  eruptive  prominences  are  responsible  for  the  most 
conspicuous  events  seen  on  Helios.  Finally,  the  occurrence  frequency 
of  optical  coronal  transients  and  the  Faraday  counterparts  are  in  good 
agreement  both  for  the  solar  minimum  occultations  of  Helios  and  the 
pre-Skylab  observations  on  Pioneer  6.  If  the  two  Helios  satellites 
can  continue  to  survive  their  perilous  perihellons  (at  last  report,  they 
were  alive  amd  well) , a series  of  solar  occultations  over  the  ascending 
phase  of  the  present  solar  cycle  would  yield  valuable  information  on 
the  transient  occurrence  frequency  and  other  solar  activity  depen- 
dent relations. 
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Discussion 


I 


j 


•:a 

1 


j I Dryer:  Can  you  say  anything  about  the  direction  of  the  field  within 

^ I the  transients? 

■ Bird:  Using  Faraday  data  alone,  the  most  honest  answer  is  no.  If  we 

^ were  ever  to  observe  a coronal  transient  both  in  white  light 

and  in  the  Faraday  rotation  from  an  occultating  satellite,  we 
j could  separate  the  contributions  due  to  enhanced  electron  density 

I from  those  due  to  perturbations  in  the  direction  and  strength  of 

the  magnetic  field  along  the  line-of-sight. 

1 


\. 


i 


II.  SOLAR  WIND  STUDIES 


77 


fRBCIOIlO  PiOl  BUMC 


i 


A Multi-Fluid  Model  for  Stellar  Winds 


Nathan  Metzler* 
Space  Environment  Laboratory 
ERL-NOAA 
Boulder,  CO  80302,  USA 


Abstract 


A multi-fluid  model  describing  the  time- Independent  plasma  flow  In  stellar 
winds  IS  formulated.  This  plasma  Includes  electrons  and  different  types  of  ions 
which  are  allowed  to  have  different  streaming  velocities  as  well  as  different  non- 
sothermal  temperatures.  This  flexibility  means  that  the  various  energy  equations 
are  explicitly  incorporated  in  the  model.  Analytical  explicit  expressions  for  the 
Ion  momentum  equations  make  it  possible  to  analyze  the  various  conditions  for  the 
critical  points  even  fn  this  complicated  multi-fluid  case. 


*NRC  Resident  Research  Associate 
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Recursion  relations,  enabling  modifications  of  the  existing  equations,  are 
found  for  more  general  cases  when  an  extra  ion  specie  Is  Introduced.  Through 
these  relations  it  is  possible  to  determine  the  conditions  in  which  the  extra  ion 
type  will  not  significantly  change  the  behavior  of  the  other,  already  existing 
species.  This  will  happen  when  the  extra  ion  charge  density  is  much  smaller  than 
that  of  the  electrons.  Finally,  it  is  shown  analytically  that,  in  order  to  ac- 
celerate heavier  ions  to  streaming  velocities  above  those  of  lighter  ions  (as  ob- 
served in  the  solar  wind  for  the  alpha-particles),  heavier  ions  will  be  hotter 
during  the  accelerating  region. 


1.  INTRODUCTION 


The  basic  theory  of  supersonic  expansion  of  an  extended  stellar  atnxjsphere 
treated  as  simple  fluid  has  been  successfully  started  by  Parker  (1958)  and  further 
investigated  by  Noble  and  Scarf  (1963).  Next,  Sturrock  and  Hartle  (1966)  developed 
a two-fluid  model  in  which  electrons  and  protons  were  allowed  to  have  different 
temperatures.  Then,  three-fluid  models  were  used  by  Yeh  (1970)  in  which  tempera- 
ture variations  were  ignored,  and  by  Geiss  et  al.  (1970)  in  which  equal  and  poly- 
tropic temperatures  for  all  species  were  assumed.  The  three-fluid  model  was  im- 
proved by  Cuperman  and  Metzler  (1975),  allowing  different  temperatures  as  well  as 
different  streaming  velocities  for  the  different  species. 

Recent  data  analysis  (Geiss,  1972,  1973;  Zinner  et  al.,  197**;  Hodges  and 
Hoffman,  197^)  indicate  the  presence  of  minor  species,  besides  alpha-particles,  in 
the  solar  wind.  It  is  important  to  investigate  the  general  nature  of  the  multi- 
fluid equations,  before  using  them  for  the  specific  study  of  the  composition  of 
the  solar  wind.  Because  of  the  special  nature  of  the  equations,  an  introduction 
of  an  extra  ion,  even  of  a minor  species  can  cause  a significant  change  in  the 
solutions  for  the  aiready  existing  species.  The  first  study  of  a multi-fluid 
plasma  in  astrophysics  was  done  by  Weber  (1973a, b),  who  determined  conditions  for 
the  existence  of  critical  points.  But,  because  his  expressions  for  the  velocity 
gradients  were  inexplicit,  these  conditions  were  only  special  cases  for  more 
general  conditions,  which  are  derived  in  this  paper. 


2.  THE  BASIC  EQUATIONS 


It  is  assumed  that  the  plasma  which  flows  in  a spherical ly-symmetric  steady 
state,  has  an  infinite  electric  conductivity,  scalar  pressure  and  no  viscosity. 

The  plasma  consists  of  electrons  and  n different  types  of  ions.  The  continuity  and 
momentum  equations  can  be  written  in  the  form: 


n V r 
a a 


■I  = const. 


dv  . 

n m V a d 


a • e,  1 , 2 n 

GM  m n 


"'V  d . u / , T \ . 

a a a -r — + (n  kT  ) + 
dr  dr  a a 


Z en  E + R 
a a a 


(1) 


(2) 
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where  r Is  the  radial  distance  from  the  star,  m^  the  mass,  the  charge  number 
(Z^=  •!),  n^  the  density,  the  streaming  velocity,  and  the  temperature  of 
"a-type  particles,"  Also,  e Is  the  electron  charge,  k Is  Boltzmann's  constant,  C 
the  gravitational  constant,  the  star's  mass,  E the  radial  electrostatic  field 
which  develops  as  a result  of  the  gravl  ty- Induced  charge  polarization, 

with  being  the  mean  rate  of  momentum  exchange  between  a-type  particles  and 
j b-type  particles.  In  principle,  R can  Include  any  other  unspecified  forces, 

acting  on  a-type  particles. 

__  The  assumptions  of  electric  quas I -neutral  I ty  and  absence  of  net  electric  cur- 

Ji  rents  can  be  written  In  the  form: 

(3) 

W 


Eliminating  the  electric  field  E,  by  writing  the  electron  momentum  equation 
separately,  and  using  conditions  (3)  and  (k) , one  can  rewrite  the  equations  In  the 
form  of  the  following  linear  system  of  equations: 

«,jXj  " bj  I , J - 1 ,2 n (5) 

(summation  on  the  double  index  J)  for  the  unknowns 


I ^"a  ■ ° 
5 ^a-'a  ■ ° 


•ij  = “i^j  * ®J 


(5|j  is  the  Kroneker  delta) 


o,  = (mjV,  - kT|)/Z|kT^ 


. ^iJl^'^l 


k“l 


kT  ♦kT,/Z,  . 

= 2 —2 !— L . d ^ 

r dr  e 


(the  relative  charge  density) 


CM  m,/Z,  R,  R 
r lie 


after  neglecting  for  simplicity  the  electron  mass.  We  now  direct  attention  to  the 
solution  of  Eqs.  (5)  In  the  next  section. 
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3.  THE  RECURSION  RELATIONS  AND  THE  EXPUCIT  SOLUTIONS 


The  solutions  of  Eqs.  (5)  can  be  written  in  the  form 


X.  - N,  /D 
j.n  j,n  n 


j “ 1 , 2 n 


(8) 


I-  I 


where  the  subscript  n indicates  the  number  of  different  Ion  species.  is  the 
determinant  of  the  coefficients  = Nj-lt  ^nd  N.  ^ is  the  determinant  of  the 
coefficients  aj.  with  the  j column  replaced  by  b.'*as  shown  by  Weber  (1973a, b).  We 
now  examine  general  explicit  express  ions  for  the  above-mentioned  numerators  and 
denominators.  It  can  be  proven  that  the  denominators  and  numerators  satisfy  the 
following  new  recursion  relations; 


D J.,  ” 01  ^1  D 
n+1  n+I  n 


"n+1 


n 

IT  a. 
i-l 


(9) 


N.  • a N.  -B  (b,-b  tt  o. 
j.n+I  n+I  j,n  n+1  j n+1  k 


j - I , 2,  ....  n+I 


(10) 


if  we  introduce  an  extra  (n+l)-type  ion  to  the  already  existing  plasma.  Here  we 
use  the  notation: 


E A.  Ti  B.-  A.B.B,  ...B  + B,A,B,...B  +...  + B,B,...B  , A . 

j_l'kti^  123  n 123  n 12n-ln 


Using  these  new  recursion  relations,  one  can  find  the  following  explicit  expres- 
sions for  the  denominators  and  the  numerators  of  Eqs.  (8): 


” P n 

D = TTO-E6.Tta, 
n , , k . , I,  k 

k“l  !•!  kAi 


(II) 


"l  n = ‘•i  ” - E B,(b,-b,)  n ^ ...  n.  (12) 

‘ "J  MJ  ' ' ' ^ 

The  above  explicit  relations,  not  known  before,  enable  us  to  make  a general  in- 
vestigation of  the  critical  points  Involved  in  the  multi-fluid  problem. 
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i.  THE  CRITICAL  POINTS 


The  gradients  of  the  streaming  velocities  (Eqs.  8)  will  have  singularities 
when  the  denominator  0 vanishes.  In  order  to  have  continuous  streaming  veloci- 
ties, all  the  numerators  Mj  „ must  vanish  simultaneously  at  these  points.  Such  a 
point  Is  called  a "critical"  point.  Solutions  which  pass  through  critical  points 
are  called  cr  t cal  so  ut Ions.  One  gets  a critical  solution  by  choosing  the  proper 
boundary  conditions.  In  a case  of  one  or  two-fluid  model,  there  Is  only  one  set 

crlHc^  * (aj,-  0,  b - 0 from  Eqs.  5 and  7)  In  order  to  get  a 

cr  tical  po  nt.  Because  of  the  iWnotonli  behavior  of  the  solutions,  one  expects 

more  than  ^ne  typeTf  Ion. 

shall  see  that  t^re  will  be  more  than  one  critical  point.  The  purpose  of 

"*  without  reducing  the  generality  of  the  situa- 

tion, the  conditions  for  the  existence  of  critical  points. 

Equations  (II)  and  (12)  can  be  rewritten  In  the  form: 


0 - 

n 


(I-nB,)I 


n 

Tt 

k^\ 


(O) 


I 

J.n 


;5j  ®|)  ♦ 


n 


Wt.j 


j-l.  2.  .. 


I n 


(IM 


where  n Is  a parameter  which  can  have  arbitrary  real  values, 
from  Eq.  (IJ)  one  can  see  that 
nB, 


l-l.  2.  ., 


. . n 


(15) 


Is  the  general  condition  for  a singular  point. 
Into  Eq.  (H)  gives  us 


Insertion  of  condition  (15) 


r InB,  ♦ (l-nB,)I  b,  • 0 
l-l  ' ' ' 


as  a condition  to  be  satisfied  simultaneously  with  Eq.  (I5),  in  order  to  have  a 
critical  point.  Conditions  (15)  and  (16)  define  critical  surfaces.  The  exact  de- 
termination of  the  actual  critical  points  depends  on  the  specific  problem  involved, 
specific  composition,  the  assumed  energy  equations,  and  the  boundary 


cond I t I ons . 
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a,  - I : I 6,b,  - I ; i-l.  2.  ••••  n (*7) 

I 1-1  ' ' 

to  be  the  conditions  for  a critical  point.  Or,  In  physical  variables  this  can 
be  written  In  the  form; 


which  are  the  conditions  found  by  Weber  for  one  special  family  of  critical  points. 
Taking  n"0,  one  gets 

n 

o,  - 0 : E (I-ne,b,)  - 0 1-1.  2 n 

' I-l 

which  means  that  all  the  lon-specles  will  have  their  Hach  number  simultaneously 
equal  to  I.  Weber  found  that  It  Is  sufficient  that  only  two  of  the  Ion  species 
will  have  their  Hach  number  simultaneously  equal  to  I which  can  be  seen  from  £q. 
(II)  for  the  denominator.  If,  let's  say,  that  only  0.  we  will  need 

as  an  additional  condition  for  a critical  point  In  that  case. 

Let  us  consider  now  as  an  example  the  special  case  of  a three-fluid  (n-2) 
plasma  In  the  next  section. 


5.  THE  TMIIEE  KLl'Il)  (e  “ 2)  f’ASE 


Because  It  Is  possible  now  to  write  the  conditions  for  critical  points  In  an 
explicit  form,  considering  the  case  of  three  fluids  will  not  reduce  the  general 
properties  of  the  problem. 


Inserting  n-2  in  conditions  (lb)  one  gets: 


0 


(21) 


[ne,  + (e2-B,)]b,  + [tlB  2 + (B,  - B2)lb2  - 

n 

recalling  the  definition  of  b|  In  Eqs. (7)  and  that  B|  ■ I. 

Conditions  (I9)-(2I)  define  the  critical  surfaces  which  are  plotted  In  Fig- 
ure I for  ~ 0.9,  B2  * 0. I In  parametric  form.  The  variable  B2b2/B|b|  was  chosen 
rather  than  b2/b|, simply  because  of  scaling  convenience.  For  any  arbitrary  value 
of  n one  can  find  the  corresponding  values  of  ><3>2  the  ratio  ^2!^]  order  to 
have  a possible  critical  point,  without  any  further  assumptions  on  the  types  of 
Ions  and  energy  equations  Involved.  For  convenience,  02  Is  plotted  versus  a.  In 
Figure  2,  for  the  same  values  of  Bj  and  62*  One  can  see  that  Independently  or  the 
values  of  the  relative  abundances,  the  curves  will  always  pass  through  the  points 
(0,0)  and  (1,1)  In  the(a|,a2)  plane.  The  first  point  represents  a Hach  number 
which  Is  simultaneously  equal  to  I for  both  Ion  species.  The  second  point  repre- 
sents the  condition 


m|V|  - kTj  ♦ Z,kT^  1-1,  2 (22) 


which  Is  the  only  possibility  for  a critical  point  In  the  one  and  two  fluid  (n-l) 
cases.  Stated  differently,  the  two  solid  curves  In  Figure  2 collapse  to  single 
point  for  the  special  cases  of  I-  or  2-flutd  plasmas.  Because  one  expects  the  flow 
to  start  subsonical ly , the  first  critical  point  will  occur  for 

— 3 — < h < — s — which  are  the  values  of  the  asymptotes.  For  6,  - 0.9, 

®2  “1  ' 

62"  0. I one  has'8  < n < 8/9  In  Figure  I.  In  Figure  2 It  will  be  a point  on  the 
lower  branch.  Because  one  expects  to  have  a monotonic  change  of  variables,  and  in 
particular  the  temperatures  going  to  zero  at  infinity,  the  path  of  a.-  02  should 
pass  through  the  higher  branch  too  (Fig.  2).  So,  one  expects  two  critical  points 
under  the  assumption  of  monotonic  behavior  which  will  be  the  first  in  the  neighbor- 
hood of  (0,0)  and  the  second.  In  the  neighborhood  of  (1,1)  In  the  (0^02)  plan. 
Obviously,  the  exact  points  will  be  determined  by  the  actual  problem  involved.  We 
now  examine  an  explicit  numerical  computation  of  a 3-fluid  plasma. 

A numerical  self-consistent  computation  was  performed  for  a solar  wind  con- 
taining electrons,  protons  and  alpha-particles.  The  alpha-particle  flux  was  taken 
to  be  3. St  of  the  total  ion-flux.  The  heat-flux  term  was  neglected  in  the  ion 

energy  equations  only  at  distances  larger  than  100  R from  the  sun.  The  momentum 

o 

exchange  rate  was  taken  to  be  about  five  times  the  collislonal  one  In  order  to  get 
an  appropriate  alpha-particle  acceleration  relative  to  the  proton's  acceleration 
beyond  the  second  critical  point.  The  integration  away  from  the  sun  was  started 
at  the  second  critical  pointi  here  the  conditions  are  taken  to  be: 


(a) 


and 


- 0.5  (m„v^  -kT„)  - kT^: 
p p p a a a e 


Bibi 


62b2 


- 0 
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2 2 
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Figure  I.  The  parametric  topology  of  the  critical  points 
for  a general  three-fluid  case,  with  relative  ion  charge 


densities  p -0.9; 


Pj-O.l 


The  simultaneous  values  of  the 


variables  o.  - (mjVj  - kT|)/(Z.kT  ),  (1-1,2);  and  ) 


-j  • 

can  be  found  for  any  arbitrary  value  of  n. 


2 

Figure  2.  The  plot  of  .i^stm^v^-  kT2)/(22kTp)  versus 
>>|--(m.vj-kT.)/(Z.kT  ).  for  tW  relative  charge  densities 
P,-0.9  and  in  a general  three-fluid  case. 


Conditions  (a)  follow  from  the  specification:  Oj  “ 1 , I “ p,a  for  a critical 
point.  Conditions  (b)  were  taken  in  an  arbitrary  manner.  Conditions  alternative 
to  (b)  could  have  been  chosen  by  an  iterative  process  In  order  to  select  the 
solution  which  also  passes  through  the  first  critical  point  nearer  to  the  Sun. 
However,  such  a procedure  would  take  too  much  computer  time  because  other  Iterative 
processes  Involving  condition  (a)  are  Involved  In  the  selection  of  the  solutions 
with  monotonic  decrease  of  the  temperatures  to  zero  at  infinity.  In  order  to  in- 
sure the  passage  of  the  solution  through  the  first  critical  point,  a proper  modifi- 
cation was  done  on  the  momentum  exchange  rate  between  the  protons  and  the  alpha- 
particles  in  the  range  between  the  second  critical  point  and  the  Sun.  This  modi- 
fication involved  the  gradual  reduction  of  the  rate  of  momentum  exchange  from  five 
times  the  coliislonai  one  (at  the  second  critical  point)  to  the  colllsional  value 
near  the  Sun. 

The  first  critical  point  was  at  3.13  while  the  second  was  at  3.83  R . 
Typical  values  of  the  Oj's  are  (0. 3'*, *0.03)  at  the  first  critical  point.  At  the 
second  critical  point  the  values  were  chosen  to  be  (1,1)  as  indicated  by  Condition 
(a).  We  have  6^  “ 0.909,  6,  ■ 0,091  at  the  first  critical  point  and  6.  ■ 0.915, 

Bj"  0.085  at  the  second.  The  equivalence  of  the  Bj's  and  62 ' * Justifies  the  neg- 
lect of  the  variations  of  the  relative  charge  densities  near  the  critical  points  in 
the  discussion.  Calculated  profiles  of  velocities  and  temperatures  are  presented 
In  Figure  3.  The  alpha-particle  temperature  is  the  only  parameter  which  does  not 
agree  with  observations.  The  high  alpha-particle  temperature  was  chosen  (through 
Conditions  (b))  in  order  to  show  a case  in  which  alpha  velocities  are  larger  than 
those  of  the  proton. 


6.  ADDITION  OK  ANOTHER  ION  SPECIE  TO  AN  (n  + I)  ELI  ID 


We  recall  (Section  2)  that  n refers  to  the  number  of  ions.  Thus  an  (n+l)- 
fluid  refers  to  that  which  includes,  of  necessity,  the  electrons.  If  one  adds  an 
additional  ion  specie  to  an  n+l-fluid,  one  will  have  from  Eqs.  (8)-(l0) 


j.n+l 


'*•  ii  “ ...iN.  *6  ^,(b.-b  ^,)  ,3. a. 

J ■n-»'l  _ n-»  I I , n n-*- 1 1 n*  I I e 1 t 


n+I 


a . ,0  .S,  a. 

n-f  I n n+- 1 i ■ 1 1 


Jin. 


(23) 


One  can  see  that,  if  the  relative  charge  density  of  the  extra  Ion  specie  Is 

very  small  (B^^l  « I)  the  logarithmic  gradient  of  the  streaming  velocities  of 
the  existing  ion  species  will  not  change  considerably  due  to  the  addition  of  the 
extra  Ion  specie.  But  this  condition  can  be  applicable  only  If  N.  ^0  and  0 ^ 0; 
as  a result,  the  new  critical  points  may  not  be  at  the  previous  critical  points. 

So,  it  is  not  obvious  that  one  can  consider  an  extra,  minor  ion  specie  as  a small 
perturbation  to  the  (n+l)-fluid  solution,  and  the  equations  should  be  solved  in  a 
self-consistent  manner. 
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7.  THE  ENERGY  EQUATIONS 


The  energy  equations,  after  elimination  of  forces  through  the  electron  momen- 
tum equation,  can  be  written  in  the  form; 


2 

j 1 r q 

±.(3  ,,T  ^ _Z± 

dr^2  ^ a J 

a 


dv 


+ kT  (— 
a V 


— + -)  - - 

ir  r’  J 


e,  I,  2, 


(2M 


where  the  heat  fluxes  (q^)  can  be  written  in  the  form  (Spitzer,  1962) 


-'^,aT 


5/2  ^ 
dr 


(25) 


K being  the  heat  conduction  coefficients.  Q E Z 0 ^ with  Q . being  the  mean 
o,a  a , ab  ab  ® 

rate  of  exchange  of  energy  between  a-type  particles  Ind  b-type  particles.  In 
principle,  Q may  include  any  other  unspecified  energy  addition  to  a-type  particles. 

1 ‘^''a 

Because  of  the  terms  — one  can  see  that  the  temperature  gradients  have 

a 

singularities  too.  The  temperature  gradients  cannot  be  written  explicitly  because 
the  heat  fluxes  cause  the  energy  equations  to  be  of  second  order.  For  the  sanne 
reason,  the  temperature  gradients,  which  appear  in  the  inhomogeneous  terms  b.  in 
Eqs.  (5).  cannot  be  eliminated  from  Eqs.  (7).  ' 

If  one  neglects  the  ion  heat  fluxes,  solution  of  Eqs.  (5)  together  with  Eq. 

(2k)  gives  the  velocity  gradients  the  new  expressions; 


j-l.  2 n (26) 


where,  similarly  to  Eq.  (II)  and  (12), 


0 

n 


n _ n 

x a,  - Z 6,  w 

k-1  ^ i-i  ' k**; 


(27) 
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b. 
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IT  a, 
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- Z 


ii'J 
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j-1.  2,  .. 


(28) 
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where  now 


a,  - (in,v^  - I kT,)/Z,kT^ 


kT  +f  kT,/Z,  d(kT  ) 

b,  - (2  — S-2 i — L . 

I r dr 


,2  2,",  ",  ’ 


The  neglect  of  the  Ion  heat  flux  enables  one  to  see  qualitatively  the  effect  of 
different  temperatures  on  the  relative  streaming  velocities. 

It  Is  observed  in  the  solar  wind  that  alpha-particles  near  I AU  have  larger 
average  streaming  velocities  than  those  of  the  protons  (Ogilvie  and  Zwally,  1972; 
Asbridge  et  al.,  1973.  1971*:  Hirshberg  et  al.,  197^;  Ogilvie,  1975).  These  ob- 
servations may  now  be  explained  on  the  basis  of  this  self-consistent  analysis. 

The  friction  like  exchange  of  momentum  R % -(v-v  ) can  at  most  equalize  the  alpha- 

Ql  Cl  p 

particles  streaming  velocity  v^  to  that  of  the  protons  v . But  the  contribution 
from  the  exchange  of  energy  On"''* ''a  '^rger  than  v if  the  alpha- 
particle  temperature  T^  is  sufficiently  larger  than  the  proton  temperature  T . 

This  can  be  seen  explicitly  only  by  neglecting  the  ion  heat  flux,  and  numerically, 
only  if  the  equations  are  solved  in  a self-consistent  manner.  In  fact,  we  found 
that  v^  exceeds  v^  at  1 AU  by  101  only  if  T^  is  about  50  times  larger  than  T^,  (see 

Fig.  3)  rather  than  i|  times  as  observed.  This  numerical  result  indicates  that 
there  are  additional  contributions  to  the  acceleration  of  alpha-particles,  but 
basically  the  fact  that  v^  > Vp  is  observed  can,  in  principle,  be  understood  even 
without  additional  arbitrary  heating  as  in  the  three-fluid  model  of  Ryan  and  Axford 
(1975). 


& CONCLUSIONS 


The  explicit  relations  derived  in  this  work  for  the  streaming  velocity  grad- 
ients enable  us  to  make  a general  analysis  for  a multi-fluid  steady  state  plasma 
flow.  From  the  analysis  presented  here,  one  concludes  that  an  extra  ion  specie, 
introduced  to  a fluid  cannot  be  treated  a priori  as  a small  perturbation  even  if 
this  ion  type  has  a very  small  abundance.  So,  one  should  solve  this  as  a new 
problem  in  a self-consistent  manner.  In  a multi-fluid  plasma  one  will  have  more 
than  one  possible  critical  point,  and  the  actual  critical  points  should  be  deter- 
mined by  the  specific  problem  involved.  Finally,  consideration  of  the  multi-fluid 
problem  in  a self-consistent  manner  gives  a possible  explanation  for  heavier  ions 
to  have  velocities  which  are  larger  than  those  of  the  lighter  ions  if  they  also 
have  larger  temperatures.  The  self-consistent  solution  presented  here  is,  then,  a 

likely  explanation  for  the  observations  which  show  v /vjy  l.l  when  the  special 

a pn, 

case  of  the  3-fluid  (protons,  electrons,  alphas)  solar  wind  is  considered. 
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Abstract 


since  aatrophyslcal  plasmas  behave  In  most  aspects  like  fluids,  they  represent 
media  through  which  small  amplitude  disturbances  or  signals  are  propagated.  In  the 
case  of  the  expansion  of  such  plasmas  from  a central  stellar  body  as  typified  by 
the  solar  wind,  the  only  steady  state  flow  configuration  possible  la  one  In  which 
the  plasma  moves  "aubsonlcally"  In  the  vicinity  of  and  "supersonically"  at  large 
distances  from  the  central  star.  However,  while  these  terms  have  well  defined 
meanings  In  ordinary  gas  dynamics,  they  have  to  be  defined  In  a special  manner  for 
plasmas,  especially  when  they  are  made  up  of  different  Ion  species.  In  this  paper 
It  Is  shown  how  plasma  Mach  numbers  and  small  signal  propagation  velocities  can  be 
defined  consistently  In  such  cases.  For  Illustrative  purposes,  these  properties  are 
developed  numerically  for  a two-lon  Isothermal  plasma  model. 
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1.  INTRODUCTION 


The  great  majority  of  theoretical  models  used  to  describe  the  steady  state 
bulk  motion  of  plasmas  In  Interplanetary  space  are  essentially  hydrodynamic  In 
nature.  As  such  they  treat  these  Ionized  gases  as  conducting  fluids  which  are 
quasineutral  electrically.  The  presence  In  such  gases  of  electrons  as  well  as  Ions 
produces  effects  which  cannot  be  found  In  ordinary  non  Ionized  gases  such  as  air. 
This  was  demonstrated  clearly  when  the  Interplanetary  motion  of  hydrogen  was 
calculated  using  such  a fluid  model  some  twenty  years  ago.  Yet  while  hydrogen 
represents  the  major  Ion  constituent  of  the  solar  wind.  It  also  contains  other  Ions 
which  can  affect  the  overall  flow  regime.  This  might  be  even  more  so  In  the  case  of 
other  central  body  problems  where  Ions  such  as  helium  might  exist  In  larger 
abundances.  Thus  It  behooves  the  researcher  to  understand  the  effects  other  Ions 
can  have  on  the  overall  plasma  behaviour. 

During  the  past  five  to  seven  years,  significant  progress  has  been  made  In  our 
attempts  to  understand  these  multl-lon  plasmas  and  their  motions.  One  has  to 
remember  that  were  It  not  for  the  effects  produced  by  viscosity  and  by  electric 
fields,  each  Ion  constituent,  major  or  minor,  would  essentially  travel  through 
space  completely  on  Its  own  Irrespective  of  the  presence  of  the  other  Ions.  The 
most  fundamental  coupling  between  the  different  Ion  fluids  Is  produced  by  the 
electric  field  In  the  plasma.  In  the  theoretical  models,  however  simplified  they 
may  be,  this  electric  field  results  In  the  presence  of  all  Ion  velocity  gradient 
terms  In  the  equations  of  motions  of  every  ion  species.  It  Is  also  Important  to 
note  that  this  coupling  not  only  Influences  the  bulk  properties  of  the  plasma.  It 
has  also  a significant  effect  on  the  velocities  with  which  small  amplitude 
disturbances  or  signals  are  able  to  propagate  In  such  media,  as  we  will  show  below. 


I 


However,  astrophyslcal  plaanMs  expanding  from  a central  body  can  have  conditions 
where  |a|,  the  determinant  of  A becomes  zero  and  this  will  result  In  physically 
unacceptable  solutions  unless  the  numerator  of  Eq.2  vanishes  Identically  at  the 
same  place.  While  It  Is  probably  quite  obvious,  we  would  nevertheless  emphasize 
the  fact  that  where  singularities  occur,  they  do  so  at  the  same  point  In  all 
Individual  Ion  momentum  equations. 


Analogous  situations  are  also  encountered  In  ordinary  gas  dynamics.  There  we 
find  that  the  denominator  goes  to  zero  whenever  the  bulk  velocity  of  the  fluid  and 
Its  soundspeed,  defined  by  /rkfTm,  become  equal  which  Implies  that  the  Mach  number 
M goes  to  unity 


For  plasmas  similar,  but  not  Identical,  relationships  exist  at  singularities. 
Ttie  reason  for  these  differences  is  due  to  the  fact  that  the  electrons  as  well  as 
the  tons  participate  In  the  propagation  of  signals.  This  can  readily  been  seen  for 
a single  Ion  gas,  where  at  the  singularity  the  Ion  Mach  number  Mj  has  to  equal 


1 + e Z, 


where  c ■ T^/Tj  and  the  subscripts  refer  to  the  electrons  and  Ions  respectively.  In 
deriving  this  equation  we  have  neglected  terms  In  Ug2  as  compared  to  terms  In 
>e'‘Te/"'e'  Parker's  hydrogen  Ion  model  with  Tg  ■ Tj,  Ye  “ Yi  and  Zj  • 1,  the 

singularity  occurs  when  Mj  “2.  Thus  the  speed  with  which  signals  are  transmitted 
In  a hydrogen  Ion  plasma  Is  /T  t.^mes  that  of  a neutral  hydrogen  gas.  If  we  were 
dealing  with  Ionized  helium  , Mj”'  would  be  equal  to  3 at  the  singularity.  The 
expression  on  the  RHS  of  Eq.A  Is  the  dimensionless  "soundspeed"  In  the  medium. 

The  mathematical  relationships  defining  the  points  where  singularities  arc 
found  become  progressively  more  complicated  as  the  number  of  Ions  In  the  plasma 
Increases.  Already  for  a simple  Isothermal  (yj.  " Yj  ” Y2  “ two-lon  model  (Weber, 
1972b)  we  find  that 

( - 1 - e Z,  iiili)  ( Mn^  - 1 - E ^1^'^  '^1"1  - 0 (5) 

n ■ a,  ng  “2  "e  "e 


where  a,  • T.,/T,  and  where  the  subsclpts  1,  2 and  e refer  to  hydrogen  Ions,  helium 
Ions  and  electrons,  respectively.  An  Infinite  number  of  pairs  of  (M^,  M2)  exists 
for  which  this  equation  Is  satisfied  as  la  Indicated  In  Figure  1. 

i)uantltles  which  seem  to  be  analogous  to  the  soundspeed  as  defined  above 
are  given  by 


1 + E Zl 


Figure  1.  The  loci  of  pairs  of  (Mj,M2)  for  which  the  ion  momentum  equations 
possess  a pole  for  a hydrogen-helium  gas  with  U2n2/u|nj  ■ 0.05,  Tj  • 10®, 
Tg/Tj  “ 1,  T2/Tj  " 4.  These  values  apply  also  to  Figure  2. 
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S.  FLASMA  SOUNDSTEEOS 


The  laportant  queaCton  which  wa  have  to  face  la  whether  n-lon  plaaua  have 
propartlaa  which  can  be  attributed  to  then  becauae  they  behave  like  alngle  fluida  or 
whether  they  are  juat  a collection  of  n Individual  fluida  each  acting  aore  or  leaa 
aa  If  It  ware  alone.  In  particular,  will  aiaall  amplitude  dlaturbancea  originating 
In  any  given  Ion  apaclea  reaaln  aaaentlally  confined  to  that  conatltuent  and  will 
they  travel  with  a apeed  characterlatlc  of  that  lonT  Alternatively,  are  they  truly 
fluid  dlaturbancea  which  affect  the  overall  plaaaa  aa  a whole  and  are  they 
propagated  with  a apeed  which  la  truly  characterlatlc  of  the  plaaaui  Itaelf  and  not 
of  only  aoae  of  Ita  member  Iona?  We  could  try  to  obtain  an  anawer  to  thla  problem 
In  many  different  waya,  the  atoat  obvloua  being  a perturbation  analyala.  However, 
there  la  a much  quicker  and  laore  novel  approach  to  obtain  an  anawer.  In  thla  we 
rely  on  the  general  property  of  fluida  that  alngularlt lea  occur  only  wherever  their 
bulk  apeed  equala  their  local  aoundapeed,  the  apeed  with  which  amall  amplitude 
dlaturbancea  or  algnala  are  tranamltted  or  propagated.  Mathematically  thla  happena 
If  and  only  If  {a|  becomea  lero.  Yet  aa  we  have  aeen  above,  thla  doea  not  occur 
when  the  Individual  Ion  flow  apeeda  become  equal  to  their  reapectlve  aoundapeeda. 
Thua  the  true  aoundapeeda  of  the  plaama  muat  be  aaaoclated  with  the  fluid  aa  a 
whole.  A detailed  analyala  of  the  matrix  A Indlcatea  that  a fluid  Mach  number  M may 
be  defined  aa  the  geometric  mean  of  all  the 


ne  Individual  Ion  Mach  numbera  M( 


M - ( Mi-M.,-Mj-M,.-Mi. 


Mn  ) 


1 /n 


18) 


which  then  allowa  ua  to  expreaa  the  determinant  of  ^ very  aimply  aa 
|a|  • ( m2-  aM(  M‘-  bM(  m2-  cM ( m2-  p2) 


(9) 


where  we  have  a total  of  n factora  In  thla  product.  Thla  expreaalon  la  now  In  a 
form  which  Impllea  that  whenever  the  fluid  Mach  number  la  equal  to  either  a,  b,  c, 

• • • p,  the  determinant  of  ^ vanlahea  Identically,  l.e  a alngularlty  occura.  Thua 


the  quantltlea  a,  b,  c, 
medium. 


p are  the  real  dlmenslonleaa  aoundapeeda  of  the 


Aa  an  example  we  wlah  to  develop  theae  quantltlea  for  the  airople  two-lon 
hydrogen-helium  plaama  which  we  have  uaed  to  obtain  Figure  1.  In  thla  case 


( M,-M,  )>/2 


110) 


and 


IaI  - ( m2-  a2  )(  m2-  b2  ) 


(11) 
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A few  simple  algebraic  operations  give  us  the  following  expressions  for  a and  b 


. { x2+y2-  R 

02  ne  ne 

and 

a2  - ( xV  - ^hh.hlli.hll2.)/b^ 

a2  He  ne 


(12) 


(13) 


where  the  quantities  x and  y are  defined  as 

x2  - o^ 

M, 

and 


(lA) 


(15) 


The  functional  behaviour  of  M,  a and  b,  and  of  Mi  and  M2  for  reference,  are  indi- 
cated In  Figure  2.  All  numerical  values  have  been  obtained  by  means  of  the  two-lon 
Isothermal  plasma  model  described  by  Weber  (1972b).  As  all  other  such  models,  this 
particular  one  has  great  difficulties  In  predicting  reasonable  densities  In  the 
vicinity  of  the  sun,  l.e.  for  small  values  of  h.  This  In  turn  gives  rise  to  the 
sharp  rise  and  rapid  decline  In  the  values  of  a and  b,  respectively,  as  we  approach 
the  solar  corona.  Yet  while  the  actual  numerical  values  for  these  quantities 
derived  with  this  model  are  not  too  accurate  In  the  coronal  region,  the  general 
behaviour  of  these  functions  Is  correct  and  represents  the  soundspeeds  In  the 
plasma. 


4.  CONCLUSIONS 


In  this  paper  we  recapitulated  the  physical  significance  of  singularities  In 
fluids.  Their  general  property  that  they  occur  whenever  the  local  bulk  speed  equals 
the  speed  of  propagation  of  small  amplitude  disturbances  In  the  medium  allowed  us 
to  define  "soundspeeds"  In  a consistent,  logical  fashion.  These  speeds,  derived  here 
heurlstlcally , are  real  and  their  existence  should  be  verified  by  analyzing 
suitable  data  from  spaceprobes  or  from  terrestrial  laboratory  experiments.  The 
most  Important  and  significant  result,  though.  Is  not  that  we  were  able  to  find 
definitions  for  these  plasma  properties,  but  that  their  existence  allows  us  to  gain 
additional  Insight  Into  the  nature  and  behaviour  of  multl-lon  plasmas. 


98 


Figure  2.  Mach  numhera  and  aoundapeeds  In  a two-ton  Isothormal  plaanvi. 
Fine  vertical  llnea  Indicate  the  locations  of  the  two  critical  points. 
The  reference  distance  tj,  equals  lO''  m. 
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A Model  for  the 
Interaction  of  Solar  Wind  Streams 

Raphael  Steinitz  and  Menaihe  Eyni 
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Ben  Gurion  University  of  the  Negev 
Beer  Sheva,  Israel 


Abstract 


Df  the  phenomena  observed  in  proximity  of  the  interaction 
region  of  plasma  streams  in  the  solar  wind,  we  discuss  here  the 
heating  of  the  plasma  and  the  a-particle  flow  velocity  Ujj  which 
is  larger  than  the  proton  flow  velocity  Up.  We  first  mention 

the  difficulties  with  previous  models  in  accounting  for  the  ob- 
servations. As  an  alternative,  we  examine  the  consequences  of  a 
model  in  which  one  stream  diffuses  into  the  other.  The  heating  of 
the  interacting  streams  is  thus  in  part  due  to  compression,  but  to 
a larger  extent  is  the  result  of  mixing  of  different  velocity 
streams.  The  model  explains  the  details  of  the  phase  relationship 
between  the  observed  compression  and  temperature.  A quantitative 
estimate  of  u^^  - up  is  obtained  from  the  model  with  the  inter- 
action of  streams  having  different  helium  abundance.  Finally,  it 
is  proposed  that  the  problem  of  the  heating  of  the  solar  wind  may 
be  resolved  by  applying  the  model  as  developed  in  this  paper. 
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1.  INTRODLCnON 


Early  solar  ujind  models  predicted  the  rate  of  cooling  of  the 
plasma  as  it  receeds  from  the  sun.  Since  the  expected  cooling  rates 
lueri*  not  observed,  heating  mechanisms  were  incorporated  in  later 
models.  It  has  been  suggested  that  such  heating  may,  for  example, 
be  the  result  of  interaction  of  adjacent  streams,  which  have 
different  flow  velocities.  However,  it  appears  that  there  is  no 

General  agreement  as  to  the  details  of  the  heating  mechanism 
Coleman , 1 968 ; Jokipii  and  Davis, 1969}  Papadopoulos, 1973 ; Goldstein 
and  Eviatar , 1973 j . ’ndependent  of  the  details  of  the  models,  there 
remain  some  general  difficulties,  which  we  discuss  in  the  next 
section.  Subsequently,  a model  is  proposed  which  may  circumvent 
the  difficulties  discussed  previously. 

Since  it  has  been  firmly  established  that  He  and  H do 
sometimes  indicate  different  flow  velocities,  our  model  is  applied 
to  this  case,  and  numerical  estimates  are  compared  with  observations. 
The  model  is  further  used  to  estimate  the  width  of  the  heating  zone 
connected  with  the  interacting  streams,  and  finally  we  show  why 
cooling  could  not  be  found  in  the  ITlariner  2 data  for  velocities  in 
excess  of  5D0  km/sec. 


I 2.  SOME  GENERAL  DIFnCULTlES 

1 


B 2.1  The  Asymmetry  of  the  Temperature  Profile 


I 

( 

k 

! 

* 

I 
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Examples  of  the  heating  mechanisms  proposed  for  the  interaction 
of  streams,  are  turbulent  heating  as  discussed  by  Goldstein  and 
Eviatar  (1973),  and  Papadopoulos  (1973).  According  to  these  models, 
heating  results  from  thermalization  of  waves  generated  at  the 
interface  of  adjacent  plasma  flows.  We  first  note  that  the  density 
enhancement  profile  (Gosling  et  al , 1972 , F igure  2)  at  the  interface 
is  approximately  a symmetric  function  of  time  to  within  one  day 
before  and  after  phase  zero  (defined  by  maximum  density).  There- 
fore, if  only  heating  modes  as  mentioned  above  are  operative,  the 
temperature  profile  is  expected  to  be  symmetric  about  phase  zero. 
However,  Figure  5 in  the  paper  by  Gosling  et  al  (1972)  clearly 
indicates  that  the  temperature  profile  is  not  symmetric  with  respect 
to  phase  zeroi  from  about  0.25  day  prior  to  phase  zero  temperature 
rises  steeply  from  4 x 10"^  K to  12  x 10^  K at  phase  zero,  whence  it 
continues  to  rise  to  20  x 10“^  K attained  at  0.5  day  after  phase 
zero.  From  then  on,  temperature  drops  slowly  during  the  next  three 
days.  So  it  is  difficult  to  see  how  the  proposed  mechanisms  would 
account  for  the  observed  asymmetric  temperature  profile. 
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2.2  Velocity  Difference*  Between  He  and  H 

Here  me  first  discuss  flom  conditions  associated  mith 
(uu  - Up)  > □,  mhere  u,,  and  Up  are  respectively  the  He  and 
H flom^velocities.  Furtheron  me^quote  explanations  for 
(uu  - Up)  ^ 0 suggested  in  the  literature,  and  argue  that  they 
are  inadequate. 

Asbridge  et  al  (lyffa)  uhom  that  (ug^  - Up)  0 is  associated 
mith  the  occurence  of  double  peaked  velocity  distributions  (DPUD). 
Feldman  et  al  (1973a, b)  have  suggested  that  the  DPVD  may  be  the 
result  of  interpenetrating  plasma  streams,  due  to  inhomogeneities 
in  bulk  velocity  of  ions  spiraling  about  the  same  magnetic  line. 
Thus,  (ugj  - Up)  ^ 0 can  be  understood  in  terms  of  (a)  bulk 
velocity  inhomogeneities,  (b)  higher  He  abundance  in  the  faster 
stream  (Asbridge  et  al,1976).  Homever,  (u„  - Up)  0 is  also 
associated  both  mith  high  velocity  streams  folloming  density  en- 
hancements (Hirshberg  et  al,1974),  as  mell  as  mith  high  velocity 
streams  in  general  (Asbridge  et  ai,1976).  Such  high  velocity 
streams  seem  to  be  stationary  corotating  structures  (Gosling  et  al , 
1972).  Thus,  (ujj  - Up)>  0 can  be  a stationary  condition  asso- 
ciated mith  certain  flom  parameters,  and  mould  not  be  the  result 
of  passing  bulk  velocity  inhomogeneities  flaming  along  one  and  the 
same  field  line  (i.e.  originating  from  the  same  location  close  to 
the  sun  but  at  different  times).  Therefore,  me  propose  in  the  next 
section  a model  mhich  may  resolve  the  difficulties  mentioned  here. 


3.  THE  MODEL 


Ule  propose  a model  in  mhich  t'mo  adjacent  plasma  streams  parti- 
ally interpenetrate.  Each  stream  is  characterized  by  three  flom 
parameters!  the  bulk  velocity  u,  the  proton  density  np  and  the 
He  abundance  x = n^/np,  mhere  n^  is  the  He  particle  density. 

It  is  suggested  that  the  particles  retain  their  flom  characteristics 
during  partial  interpenetration.  Ule  regard  the  density  enhancement 
regions,  as  discussed  by  Gosling  et  al  (1972),  as  a realization  of 
this  model,  mhere  a fast,  lorn  density  stream  is  overtaking  a slom, 
high  density  stream.  lAle  nom  examine  some  consequences  of  this  model. 


3.1  Heating 


In  section  2.1  me  mentioned  that  mhile  the  density  profile  at 
the  interface  of  the  tmo  streams  is  symmetric  mithin  one  day  prior 
until  one  day  after  density  maximum  (Gosling  et  al , 1972 , F igure  2), 
the  temperature  profile  is  not  symmetric.  Ule  note  first  that  the 
density  enhancement  on  both  sides  of  phase  zero  (=  density  maximum) 
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could  be  due  to  different  processesi  prior  to  phase  zero,  the 
density  increase  may  be  the  result  of  true  compression,  while 
after  phase  zero  - due  to  mixing  of  the  two  streams.  Accordingly, 
heating  prior  to  phase  zero  is  essentially  due  to  adiabatic  com- 
pression, and  after  phase  zero  it  is  the  result  of  mixing  of  two 
velocity  populations. 

Denoting  by  primes  conditions  during  compression,  we  have 

(tVt)  = (nVn)^/^  (1) 

Taking  (nl/n)  = (20/6),  we  have  (t1/T)  = 2.23,  so  that  with 
an  initial  temperature  T = 4 x 10^  K we  obtain  = 9 x ID^  K. 

For  the  mixing  process  we  have 

(3/2)kT  = (l/2)mp(AU/2)^  (2) 

where  the  relative  velocity  is  AU  and  m-  is  the  proton's  mass. 
With  At/  = 150  km/sec  we  find  T = 2.3  x 10^  K,  which  is  the 
observed  value.  The  results  demonstrate  that  the  temperature  in- 
crease due  to  the  mixing  is  in  excess  of  the  compressional  heatini^, 
giving  rise  to  an  asymmetric  temperature  profile. 


3-2  (u„  -Up) 


Hirshberq  et  al  (1972)  found  that  the  He  abundance  (n^/np) 
increases  with  proton  velocity  up . So  we  add  now  the  assumption 
that  the  fast  stream  is  characterized  by  a higher  He  abundance. 
We  expect  then  that  (up  - u-)  > 0 after  phase  zero,  as  is  indeed 
observed  (Hirshberg  et  al , 1974 , F igure  5). 

Let  5 and  F denote  the  slow  and  Fast  streams,  and  W the 
mixed  region.  Before  mixing  we  have  (u(5),  np(5),  np(5))  and 
(u(F),  np(F),  n(j(F)),  where  we  have  assumed  implicitely  that  the 
He  bulk  velocity  is  identical  with  the  proton  velocity  prior  to 
mixing. 

After  mixing. 


Up(rn)  = (np(s)u(s)  * np(F)u(F))/(np(5)  + 0^(0).  (■'<) 

0(^(m)  = (n^(5)u(5)  + n^(F)u(F))/(n^(5)  + ( O ) ) (-') 

with  some  algebra  we  obtain 
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(b) 


u^(ni)  1 ♦ (uCt  )/u„(m))/ 

irruiT  " rr-r 


where 

, %('>  "n‘  = > 

' - "pin  . n^(5-j  - ' !■ 

and  finally* 

n (5) 

u (ID)  = u(0  - _llpijy-p_^-^.(u(0  - u(5)). 
^ P P 


(7) 


CB) 


Clearly  > Up(ltl)  , so  that  from  Eq.(6)  it  tollouis  that 

u„(m)  > Up(ni). 

Takiruj  from  Gosling  et  al  (197?)  nCS)  = 32‘.i  km/sec,  nn(5)  = bl 
u(F ) = 47b  km/suc,  np(F)  = 4,  and  from  Hirshbery  et  al  (1972)  the 
corresponding  values  for  th*  abundance  ('^a  ) " D.03Di 

(''a(^  VopCf ))  = 0.045,  uie  find  uaCl")  = 1.03H  up(llllj  . The  experi- 
mental values  (Hirshberg  et  al 1974 , F igure  5)  arei  U(j(iyi)  - up(lVl)  = 

15  km/seci  Up(lfl)  = 450  km/sec,  so  that  U(j(lfl5  = 1.033  Up(llll)  . 

Thus  lAie  have  shown  that  the  asymmetric  temperature  profile  can 
tie  obtained,  with  a guantilative  estimate  of  the  heating.  moreover, 
the  model  yields  in  a simple  manner  a numerical  estimate  for 

■ Up. 


4.  FURTHER  COMMENTS 


4.1  Width  of  llratin)!  /one 


The  widlti  ot  the  heating  /one  (nei)  1 ei- 1 ing  compresslonal  heating) 
is  dett-rmlned  tiy  the  width  of  the  velocity  mixing  jone.  This,  in 
turn,  will  depend  on  the  slow  and  fast  radial  flow  velocities,  the 
tiel iocentr ic  distance  r and  the  distance  Cq,  where  the  two 
streams  first  intersect.  In  a plane  polar  coordinate  system  (r,y) 
in  ttie  ecliptic  plane,  corotating  at  angular  velocity  with  the 

sun,  a flow  line  is  described  hy 

- ‘'o  = - ‘fo)- 

where  u is  ttie  radial  flow  velocity. 
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The  anQular  uuiLllh  A<f  of  the  mixing  legioti  is  therefore 
= JL(r  - r^)(u(S)-^  - u(f)-^)  . 


110) 


Here  u(5)  and  u(f)  are  the  slow  and  fast  floui  velocities.  The 
time  At  spent  hy  a satellite  in  the  mixing  zone,  moving  around 


the  sun  with  angular  velocity  _fL^ , isi 
At  = 


Cii) 


Assuming  Tq  r,  and  taking  u(S)  = 32b  km/s,  u(r ) = bOG  km/s, 

me  find  at  1 AU  that  typically  At  o»  2 days.  This  compares 
favorably  mith  f igurt?  b of  ttie  paper  by  Gosling  et  al  (1972).  The 
estimate  for  A t could  in  fact  be  an  underestimate,  since  dif- 
fusion effects  mere  neglected. 


4.2  tligh  Velocity  and  Heating 


Large  velocity  differences  (u(j  - up),  betmeen  He  and  H, 
may  tie  taken  as  indicators  for  mixing  of  velocity  populations  mith 
large  velocity  differences.  Such  mixing  mill  manifest  itself  as 
strong  heating. 

Asliridge  et  al  (l97b, figure  17)  indicate  ttiat  (uf^  - Un) 
increases  monoton ical ly  mith  proton  velocity  up.  One  may  there- 
fore expect  that  strong  heating  is  associted  mith  high  velocity 
streams.  This  may  he  the  reason  for  the  failure  to  detect  the 
cooling  of  solar  mind  plasma  mitt)  heliocentric  itistance,  for  flom 
velocities  in  excess  of  bLIO  km/sec  (tyni  and  bte ini t z , 1 977 ) . 


5.  CONCLUSION 


To  account  for  the  different  velocities  of  He  and  H that 
are  sometimes  observed,  interpenetration  of  different  velocity  and 
al)undance  populations  has  been  suggested  liefore  by  Asbridge  et  al 
(197b),  but  there  it  has  t)een  assumed  explicitely  that  the  tmo 
interpenetrat ini)  streams  spiral  along  the  same  magnetic  line.  In 
our  model,  tfiis  topological  constraint  has  lieen  eliminated  alto- 
gether, enatil  ing  us  to  explain  some  of  the  f iner  details  associated 
mith  density  entiancement  regions.  Homever,  it  is  not  necessary  to 
confine  oneself  to  the  regions  mtiere  jiofiulation  mixing  is  more  or 
less  evident.  If  ^ Up  is  taken  as  an  initicatnr  for  mixing  of 

different  velocity  and  abundance  pO()ulations,  then  it  tollnms  that 
mixing  is  often  associated  mitt)  t)igh  velocity  strt'ams.  Tt)u5  he.at- 
ing  of  tt)e  )ilasma  may  t)e  the  result  of  pn))ulntinn  mixing,  even  in 


J, 

1 


J 


>1 


those  cases  in  which  the  mixing  itself  is  not  obvious.  This  may 
explain,  as  mentioned  above,  why  cooling  has  not  been  detected  in 
the  mariner  2 data  for  high  velocity  streams,  moreover,  all  this 
suggests  the  possibility  that  the  heating  mechanism  one  is  looking 
for  quite  in  general  is  simply  the  mixing  of  velocity  populations. 
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Abstract 


Spacecraft  data  are  re-examined  in  order  to  find  possible 
relationships  between  flow  parameters  of  the  solar  wind,  such  as 
temperature,  flow  velocity  and  density.  To  reduce  the  fluctuations, 
mariner  2 data  were  smoothed  by  averaging  over  time  intervals  of 
one  to  five  days.  lAle  obtained  80  sets  of  averaged  densities  n, 
averaged  velocities  u and  averaged  temperatures  T.  Plotting 
logCnj  against  log(u)  we  find  that  the  scattered  points  are 
bounded  on  one  side  by  an  envelope  log(n) » 3 lDg(uJ  + const. 

A similar  plot  for  Vela  3 spacecraft  data  yields  a larger  dispersior^ 
which  might  be  attributed  to  the  proximity  of  the  spacecraft  to  the 
earth's  magnetosphere. 

In  examining  the  relation  between  T and  u we  find  that  the 
points  in  a ln(T)  vs.  ln(u)  plot  cluster  around  the  straight 
line  ln(T)  = 2 ln(u)  + const.,  so  that  T OC  . moreover  we  find 
in  the  same  plot  that  (a)  the  dispersion  of  ln(T)  for 
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u > 500  km/sec  is  larger  than  for  u<  500  km/sec,  and  (b)  that 
the  data  exhibit  cooling  of  solar  mind  protons  mith  heliocentric 
distance,  For  u < 500  km/sec.  The  different  behaviour  for  high 
and-  loui  velocities  is  further  discussed  in  another  paper  in  this 
conference  (Steinitz  and  Eynl,  1977). 


1.  INTRODUCTION 


In  establishing  empirical  relations  between  flow  parameters 
of  the  solar  mind,  one  encounters  the  difficulty  that  large 
fluctuations  are  present  in  the  data.  Such  fluctuations  may  mask 
the  relations  one  is  looking  for.  This  prompted  us  to  re-examine 
anew  spacecraft  data,  after  properly  smoothing  the  data. 

There  appears  to  be  some  disagreement  among  various  authors 
as  to  the  relationship  the  data  indicate.  For  example,  Neugebauer 
and  Snyder  (1966)  find  a relation  between  proton  density  n and 
flow  velocity  u,  while  Hundhausen  et  al  (1970)  find  a different 
result.  This  controversy  has  been  further  discussed  by  Formisano 
et  al  (1974). 

According  to  theoretical  models  one  expects  that  the  solar 
wind  plasma  cools  as  it  receeds  from  the  sun,  yet  Neugebauer  and 
Snyder  (1966)  could  not  confirm  this  prediction.  Accordingly,  we 
describe  in  the  next  section  the  preparation  of  the  data  for  our 
analysis,  which  is  then  discussed  in  the  subsequent  sections. 


2.  DATA  PROCESSING 


For  our  analysis  we  used  the  lYtariner  2 data  published  by 
Neugebauer  and  Snyder  (1966)  and  the  Vela  3 data  published  by  Same 
et  al  (1970).  These  data  were  averaged  over  time  intervals  of 
about  one  to  five  days,  where  the  intervals  were  chosen  so  as  to 
reduce  the  variance  without  losing  too  much  information.  In  this 
manner  we  obtained  for  mariner  2 80  sets  of  averaged  (n,u,T)  data, 

covering  4 months,  and  90  sets  of  (n,u,T)  data,  averaged  from  Vela  3 
observations,  and  covering  about  15  months.  Here  n and  u are 
the  proton  density  and  flow  velocity  respectively,  and  T is  the 
proton  temperature. 


3.  THE  (n,u)  RELATION 


Figure  1 is  a plot  of  log(n)  against  log(u)  for  the  mariner 
2 data.  It  can  be  seen  that  the  points  are  bounded  on  one 
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' in  general  the  triangles  lie  belouj  the  circles,  indicating  that 

velocities  beloiu  500  km/sec  exhibit  coaling  of  the  plasma  with 
i increasing  heliocentric  distance.  A detailed  regression  analysis 

of  this  cooling  has  already  been  reported  (Eyni  and  Steinitz,  1977), 


' 5.  DISCUSSION 

« 


5.1  Ener^  Flux 


The  flux  of  kinetic  energy,  measured  by  a satellite, 

IS  given  by 

Fke  = (nu)(mu^/2)  (6) 

where  m is  the  mass  of  a proton.  In  this  expression  we  have 
neglected  the  flux  due  to  random  thermal  motions,  which  is  less 
than  5%  of  the  total  kinetic  energy.  The  total  mechanical  flux, 
fj,  is  given  by 


f.j.  = nu  (mu^/2  ♦ f).  (7) 

Here  $ is  the  energy  (per  proton)  needed  to  overcome  gravitation, 
mariner  2 data  show  a tendency  towards  constant  nu3  (c.f.  section 
3 and  Figure  1),  which  is  less  evident  in  the  Vela  3 data.  With 
this  tendency,  that  is  with  constant  kinetic  energy  flux,  we  see 
that  the  total  flux  supplied  by  the  sun  decreases  with  increasing 
velocity.  We  have  used  the  typical  amplitude  in  the  mariner  2 data 
along  Ine  boundary  line  (Figure  1)  to  evaluate  the  typical  variations 
in  total  mechanical  flux  close  to  the  sun.  It  is  of  interest  to 
note  that  these  variations  are  of  the  same  magnitude  as  typical 
variations  in  the  UV  solar  flux. 


5.2  Maikifif;  by  Interference  Effect* 

In  section  4 we  mentioned  that  the  mariner  2 data  exhibited 
cooling  for  u <'500  km/sec.  In  another  paper  in  this  conference 
(Steinitz  and  Eyni,  1977)  it  is  argued  that  the  interaction  of  high 
velocity  streams  with  other  streams  manifests  itself  in  the  form  of 
heating.  Thus  it  is  perhaps  not  surprising  that  we  could  not  find 
the  plasma  cooling  with  heliocentric  distance  in  the  high  velocity 
data.  Interaction  of  streams  may  also  account  for  the  larger 
dispersion  in  Figure  3 present  for  u )>  500  km/sec. 
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6.  CONCLUDING  REMARKS 


The  foregoing  analysis  demonstrates  that  it  may  be  useful  to 
average  over  sufficiently  long  time  intervals,  and  thus  reduce  the 
noise  in  the  data.  Also,  we  found  the  log-log  representation  to  he 
efficient  in  exhibiting  the  relationships  between  the  various  flow 
param*-lsrs  and  suggest  their  use  in  future  analyses. 
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Discussion 


Intriligator : I agree  that  it  would  be  very  interesting  to  look  for 
cooling  in  the  solar  wind  between  the  sun  and  1 AU.  However, 
because  of  the  problems  in  sorting  out  temporal  and  spatial  var- 
iations it  is  preferable  to  use  simultaneous  data  from  at  least 
two  locations  (preferably  radially  aligned) . For  example,  compare 
the  Hellos  data  (obtained  between  0.3  and  1 AU)  with  the  HEOS  or 
IMP  data  at  1 AU. 

Eyni;  Yes,  I fully  agree  that  it  will  be  useful  to  obtain  simultane- 
ous data  from  two  locations  to  substantiate  our  finding  that 
cooling  is  present  in  the  Mariner  2 data. 
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Abstract 


Solar  wind  protons  and  intt'rstoUar  neutral  hydrogen  atoms  may  interact  in 
the  solar  system  via  charge-exchange  reactions.  Accordingly,  three  categories 
of  interstellar  hydrogen  atoms  in  interplanetary  space  can  he  defined:  (a)  M-atoms 
which  did  not  take  viart  in  any  charge-exchange  reaction,  (hi  H-atoms  which  have 
undergone  a charge-exchange  reaction  within  the  heliosphere,  and  (c)  H-atoms 
which  have  suffered  a charge-exchange  reaction  with  the  decelerated  solar  wind 
protons  beyond  the  heliosvihere . The  latter  type  of  H-atoms  amounts  in  interplan- 
etary space  to  ab^nit  lO*  of  the  H-atoms  of  type  (a).  Interplanetary  H-atoms 
scatter  the  solar  l.yman-o  radiation.  From  the  distribution  of  tlie  scattered  radia- 
tion we  may  infer  the  distribution  of  the  H-atoms  in  interplanetary  space.  I’re- 
viously,  difficulties  have  arisen  in  explaining  the  l.yman-o  radiation  that  is  ob- 
served from  the  so-called  downwind  cone  of  the  interstellar  wind.  Our  model, 
which  takes  into  account  the  presence  of  H-atoms  of  type  (cl,  offers  a better 
interpretation  of  the  observational  results  obtained  from  space  probes  and  satel- 
lites . 
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l.  IMRODl  CTION 


In  recent  years  satellite  measurements  of  intt'rplanetary  l^yman-o  back- 
scatter  i-adiation  have  been  carried  out  repeatedly.  Several  models  were  developed 
to  explain  the  measured  intensity  distributions.  Hlum  and  Kahr  (1970)  have  shown 
that  the  observed  radiation  is  caused  mainly  by  neutral  hydrogen  of  the  interstellar 
gas  entering  the  solar  system.  When  approaching  the  sun,  these  neutral  hydrogen 
atoms  are  experiencing  ionizational  and  gravitational  effects.  Due  to  their  low- 
velocity  relative  to  the  sun,  absoi'ption  of  solar  l.yman-o  radiation  can  take  place. 
The  observed  l.yman-o  backscatter  radiation  in  interplanetary  space  is  explained 
welt  by  the  neutral  hydrogen  density  distribution,  .^n  exception  is  the  radiation 
which  originates  in  the  direction  opposite  to  the  entering  particles.  One  would 
expect  only  small  radiation  intensities  on  the  downwind  side  of  the  sun  if,  on  the 
avei'age,  the  radiation  pressure  on  the  hydrogen  particles  is  larger  than  the  solar 
gravitation.  Such  a ratio  of  radiation  pressure  to  gravitation  is  expected.  There- 
fore, although  hardly  any  radiation  is  anticipated,  more  than  10<  of  the  maximum 
intensity  is  observed  on  the  downwind  side.  Several  explanations  have  been  sug- 
gested, e.g.  radiation  pressure  effects,  higli  temperatures  of  the  interstellar  gas, 
radiation  of  galactic  origin,  and  multiple  scattering  of  l.yman-o  photons.  Since  all 
of  these  explanations  ai-e  contradictory  to  some  extent,  they  are  not  satisfactory. 
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2.  CHARGK,  KXt'.HAMlK  HK.TWKKN  SOLAR  WIM)  PROTONS  AM) 
INTKRSTKl.I.AR  MYDROOKN 


Some  of  the  neutral  hydrogen  atoms  entering  tlie  solar  system  are  interact- 
ing with  solar  wind  protons.  In  a charge-exchange  process  neutral  hydrogen  atoms 
of  solar  wind  proton  velocity  are  being  created.  Patterson  et  al.  (19tiS)  conjectui-ed 
that  these  hydrogen  atoms  produced  by  charge  exchange  contributed  most  to  the 
observed  I.yman-o  backscatter  radiation.  It  was  shown  subsequently,  though,  that 
the  I.yman-o  backscatter  radiation  is  produced  mainly  by  entering  interstellar 
hydrogen.  Tluis  the  backscatter  radiation  of  hydrogen  atoms  produced  by  charge 
exchange  was  considered  negligible  (llundhausen,  19()8;  Axford,  1972;  llolzer, 
1972).  This  assumption,  however,  seems  to  be  correct  only  if  one  looks  exclu- 
sively at  charge-exchange  processes  taking  place  within  the  heliosphere.  That  is 
to  say,  since  the  properties  of  the  hydrogen  atoms  mainly  depend  upon  their  point 
of  origin,  one  has  to  distinguish  between  particles  produced  inside  and  outside  the 
heliosphere,  respectively.  It  will  be  shown  in  this  paper  that  those  hydrogen  atoms 
produced  outside  the  heliosphere  in  a charge  exchange  with  protons  are  an  addi- 
tional source  of  I.yman-o  radiation.  As  the  pattern  of  this  l.yman-o  component  is 
almost  isotropic,  it  will  also  be  observed  from  the  downwind  direction. 

According  to  the  interaction  of  interstellar  neutral  liydrogen  witli  solar  pro- 
tons one  can  distinguish  three  "types”  of  hydrogen  atoms  observed  in  interplane- 
tary space; 
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(a)  The  entering  hydrogen  atoms  experience  no  charge  exchange  with  solar 
wind  protons.  Their  velocities  do  not  change  appreciably.  Their  density  is  altered 
by  focusing  and  ionization  processes  (Blum  et  al.,  197.5). 

(b)  The  entering  hydrogen  atoms  experience  charge  exchajige  processes 
with  fast  solar  protons  inside  the  heliosphere.  They  assume  the  proton  velocities 
of  about  400  km  s"^  and  move  radially  away  from  the  sun  (Figure  1).  Their  maxi- 
mum density  is  about  of  the  particles  described  in  (a). 

(c)  The  entering  hydrogen  atoms  experience  a charge  exchange  with  strong- 
ly decelerated  solar  protons  outside  the  heliosphere.  They  assume  the  proton 
velocities,  which  in  this  case  are  between  200  km  s*^  and  20  km  s"^.  Their  max- 
imum density  is  about  10#  of  the  particles  described  in  (a)  (Figure  2). 


3.  CIIAKGK  KXOIIANdK  llKYONl)  TIIK  SHOCK  FRONT 


Due  to  the  width  of  the  solar  I.yman-o  line  (almost  lA  ) and  Uie  low  velocities 
of  the  hydrogen  atoms  produced  beyond  the  shock  front  (particles  of  "type"  (c)  ) 
these  atoms  can  scatter  the  solar  Lyman -o  radiation.  The  velocities  of  the  hydro- 
gen particles  which  underwent  charge  exchange  are  composed  of  the  solar  wind 
bulk  velocity  and  the  proton  thermal  velocities  (Lang,  1977).  They  are  equivalent 
to  the  proton  velocities  depicted  in  F’igure  3 as  a function  of  heliocentric  distance. 
The  velocity  vector  directions  of  the  neutral  particles  are  undetermined  due  to  the 
inclusion  of  the  thermal  velocities.  In  principle  any  direction  is  possible,  since 
the  isotropic  proton  thermal  velocities  are  higher  than  the  bulk  velocity.  Due  to 
the  superimposed  solar  wind  plasma  velocity  in  the  radial  direction,  however, 
higher  velocities  of  the  produced  neutral  particles  are  found  in  the  direction  of  the 
positive  radius  vector.  Figure  3 shows  that  if  the  ratio  p of  radiation  pressure  to 
gravitation  is  1/3,  tlie  proton  velocity  in  the  upwind  direction  (fl  = 1*)  is  larger 
than  in  the  downwind  direction  (P  • 179*).  Under  the  condition  of  p > 1 (dominant 
radiation  pressure)  a wide  region  free  of  slow  hydrogen  atoms  is  formed  in  the 
downwind  direction.  In  this  cast'  the  solar  wintl  is  decelerated  considerably  less 
in  the  downwind  direction,  and  the  proton  velocities  there  always  remain  higher 
than  in  the  upwind  direction.  The  proton  velocities  in  the  upwuid  direction  are 
almost  identical  for  p*  1/3  and  p-  .5/3  , and  thus  only  the  curve  for  p=  1/3  is 
shown  in  F’lgure  3. 

The  hydrogen  atoms  produced  by  charge  exchange  therefore  will  move  away 
from  their  origins  in  i-andom  directiiais  (Figure  2).  Some  of  these  atoms  that 
impinge  on  the  heliosphere  from  all  directions  will  traverse  it.  Since  their  veloc- 
ities are  of  the  same  magnitude  as  those  of  the  slow  hydrogen  atoms,  they  also 
contribute  to  the  Lyman-o  backscatter  radiation.  Their  density  is  therefore  of 
special  interest.  In  F'igure  2 it  is  shown  how  the  "fast"  hydrogen  atom  density  is 
produced  by  particles  originating  outside  the  heliosphere  (l.ang,  1977).  Displayed 
in  this  figure  are  a heliosphere  aBsun\ed  to  be  elliptical  (Bird  and  Fahr,  1973), 
the  upwind  direction  of  the  interstellar  gas,  and  the  location  r where  tlie  density 
is  to  be  determined.  The  position  of  r can  be  located  inside  or  outside  the  helio- 
sphere. 
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CHARGE  EXCHANGE  WITHIN 
HELIOSPHERE 


slow  H v*»20  km/s 


Figure  1 . Schematic  Representation  of  the  Inter- 
action between  Interstellar  Hydrogen  Atoms  Entering 
the  Heliosphere  and  Solar  Wind  Protons.  This  is  the 
charge-exchange  process  which  occurs  inside  the 
shock  front  and  produces  fast  hydrogen  particles  of 
"type"  (b). 
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CHARGE  EXCHANGE  BEHIND 
HELIOSPHERE 


slow  H v»20  km/s 

1 i 1 i I i 1 1 i 


km/s 


(sonic) 


SHOCK 

Kfront 


fasF'  H 


Klgure  2.  Sc'henuitu'  Heprewoiittttion  of  tho  Intor 
action  between  Inteestellai'  llyilivgen  Atoms  amt 
Solar  Wtnit  I'rotons.  'Vhi»  \h  the  charge-exchanue 
proceaa  which  occurs  outside  the  shock  front  and 
produces  "fast"  hydrogen  particles  of  "type"  (cl. 
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PROTON  VELOCITY  BEHIND  SHOCK 


Kigui’e  nppendeiH'p  of  tho  I’roton  Velocity  Hoyoiul  the  Shock  Front 
on  Heliocentric  Distance.  The  proton  velocity  consists  of  a solar  wind 
velocity  component  and  a proton  thermal  velocity  component. 


! 


Figure  4 shows  the  computed  density  values  of  "fast"  hydrogen  versus  helio- 
centric distance.  This  is  to  demonstrate  the  influence  of  radiation  pressure  and  of 
the  distance  between  the  sun  and  the  shock  front  on  the  density.  An  examination  of 
only  one  heliocentric  direction  is  sufficient;  the  downwind  direction  (9*  180*)  has 
been  selected.  The  distance  between  the  shock  front  and  the  sun  was  taken  to  be 
SO  All  and  60  AU,  respectively.  Three  values  of  the  ratio  m of  radiation  pressure 
gravitational  attraction  have  been  chosen:  p*  1/3,  p*  1,  and  p*  5/3.  Figxire  4 
ihus  shows  six  curves.  It  is  obvious  from  these  curves  that  radiation  pressure 
affects  the  density  of  the  "fast"  hydrogen  only  very  little.  The  location  of  the  shock 
front,  however,  cannot  be  neglected.  The  density  increases  for  smaller  helio- 
spheric shock  front  distances.  Consider  the  case  of  a small  heliosphere.  Here 
charge-exchange  processes  are  taken  into  account  in  regions  where  the  solar  wind 
proton  density  is  still  high.  Also  the  volume  contributing  to  the  density  of  the 
"fast"  hydrogen  is  larger.  Roth  effects  become  negligible  at  large  heliocentric 
distances;  thus  the  curves  for  different  shock  front  distances  tend  to  converge 
there. 


4.  l,YMAN  o BACKSCATTKR  RADIATION 


The  I.yman-o  backscatter  radiation  has  been  calculated  in  the  downwind  j 

direction  in  Figure  4 (Rang,  1977).  Radiation  pressure  and  gravitation  were  of  i 

equal  magnitude,  i.e.  the  particles  moved  on  straight  lines.  A l.ytnan-o  back-  ' 

scatter  radiation  intensity  of  about  160  Rayleigh  resulted  from  an  elliptical  shock  < 

front  main  axis  60  AU  in  length.  Enlargement  of  the  main  axis  by  a factor  of  2 ^ 

reduced  the  intensity  by  50^1.  The  Lyntan-o  backscatter  radiation  is  tlius  very  ] 

sensitive  to  the  location  of  the  shock  front,  analogous  to  the  "fast"  hydrogen  atom 

density.  Calculated  intensities  were  in  the  range  of  40  to  160  Rayleigh,  while  j 

measured  l,yn\an-a  intensities  in  the  downwind  direction  were  between  50  and  200  | 

Rayleigh  (Fahr,  1974).  Table  1 compares  observed  intensities  to  possible  eontri-  i 

butions  by  otlier  sources  of  I,yman-o  backscatter  radiation.  The  I.yman-o  back-  ’ 

scatter  radiation  observed  in  the  downwind  direction  thus  can  be  explained  by  the 

presence  of  "fast"  hydrogen  atoms.  Slow  hydrogen  will  produce  l.yman-o  back-  i 

scatter  radiation  in  this  region  only  if  tlie  radiation  pressure  is  smaller  than  the 
gravitation  or  if  the  interstellar  gas  fs  very  hot. 

Combined  density  distributions  of  particles  of  "type"  (a)  and  "type"  (c)  re-  ■ 

suit  in  a distribution  of  the  l.yman-o  backscatter  radiation  that  is  in  accordance 
with  the  existence  cf  an  interplanetary  shock  front.  This  distribution  does  not 
contradict  any  observed  l.yman-o  backscatter  radiation  intensities  and  tints  avoids 
some  of  the  difficulties  of  other  models. 
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DENSITY  OF  "FAST"  H ON  DOWNWIND  AXIS 
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Figure  4.  Oeiisity  of  "Fast"  llyiirogen  in  the  Downwind  Direction  versus 
Heliocentric  Distwice,  given  for  Shock  Front  Locations  at  30  AU  and  60  AU 
Distance,  respectively.  Different  ratios  of  radiation  pressure  to  gi-avita- 
tional  attraction  are  taken  into  account. 


Table  1.  Comparison  of  Uossihle  Contributions  by  Different  Sources  to 
l.vman-o  Hackscatter  Hadiation.  The  observed  intensities  are  also  included. 
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Discussion 


■’'-''-r.  Astrophvs.  J..  205.  895.  1976) 

^ich  shows  the  heliosphere  embedded  in  ,he  larger  region  of  li^[7rsteIUr  plssms 
flying  sround  the  heliospheric  obsts.  le  The  neutral  Interstellar  hydrogen 
undergoes  charge  exchanging  colll.l.n..  ..  ,hl«  denser  and  cooler  plasma  region 
I"  «ddt«tc^V  source  of  neutral  hydrogen  atoms, 
and  luhr^bTr"  described  In  the  pa^,  oi  Hall  Is  and  Dryer  1,  certainly  possible 
and  might  be  responsible  for  some  hea,  ...g  „f  the  Interstellar  gas  that  pene- 
trates into  the  solar  system.  But  I.  ay  opinion  It  Is  unlikely  that  It  la  s 

ml"yr  'T'”"  '■-‘“‘-“V'**"''''  P«-‘Tertles  of  the  Interstellar  gas. 

This  ylew  Is  supported  by  the  ob.r.  of  ,he  Interplanetary  scattered 

resonance  radiation  which  clea.I.  ^Ilcates  that  there  exists  a well-defined 
bulk  velocity  of  the  Inlerstell-  .a,  that  penetrates  Into  the  solar  system. 

i th  ^hr  ‘'J  , 1 ‘harge-exchange  reactions 

Thl  Intlr'Jr  interstellar  gas.  It  would  mean  that 

T ’•ve  lost  all  Information  on  their  original  bulk 

Ic^rrdm*  V .I'u"  :'**  ' component  of  the  Interstellar  gas 

according  to  he  hv^-thesl.  the  above  mentioned  pape.  by  Halils  and  Dryer. 

But  the  clean,  dellned  ee  ly  vector  of  the  Interstella,  neutrals,  as  deduced 


135 


i 


by  Ch«  Lyman-alpha  and  He-S84  A radiation,  ahowa  that  thla  la  not  the  caae. 


Bird:  How  doea  the  contribution  from  the  "faat"  hydrogen  atoma  to  the  Lyman-alpha 
backacatter  radiation  vary  with  your  aaaumed  dlatance  to  the  ahock  front? 

Blum:  The  nearer  the  ahock  front  la  to  the  aun,  the  more  "faat"  hydrogen  atoma 

there  are  that  reach  reglona  near  the  aun.  This  la  alao  seen  In  the  figure  where 
the  density  of  fast  hydrogen  atoms  on  the  downwind  axis  la  shown  as  a function  of 


the  ratio  of  solar  radiation  pressure  and  gravitational  attraction.  The  reason 
for  this  behaviour  la  that  the  space  region  where  the  "fast"  hydrogen  atoms  are 
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Travelling  Phenomena  in  the 
Heliosphere  Induced  by  Solar  Activity 
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Warsaw,  Poland 

, « . _ R-  Ratkiawici 
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Abstract 


Solar  activity  induced  variationa  in  the  ionization  rate  of 
neutral  galactic  gaa  inside  the  heliosphere  influence  the  decele- 
ration rate  of  the  solar  wind  and  cause  wave-like  phenomena  in  the 
distant  solar  wind  with  temperature  variations  of  10  - 20^  at  the 
orbits  of  Saturn  - Keptune. 
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1.  INTRODUCTION 


'1 


The  aim  of  the  present  paper  Is  to  study  the  possible  time-de- 
pendent phenomena  In  the  heliosphere  due  to  coupling  between  the 
solar  activity  and  the  neutral  gas  (mostly  hydrogen)  of  galactic 
origin  moving  with  = 20  km/a  relative  to  the  Sun  (Pahr,  197^)  • 
The  neutral  particles  Inside  the  heliosphere  become  Ionized  by 
912  i photons  and  by  cheo^ge  exchange  with  solar  wind  protons.  The 
newly  born  Ions  are  rapidly  plcked-up  and  thermallzed  by  the  solar 
wind  plasma  (Feldman  at  al.,  1972,  Wu  et  al.,  1973)*  The  ensuing 
frictional  drag  slows  down  the  hypersonic  solar  wind  and  the  kinetic 
energy  of  bulk  motion  gets  converted  Into  thermal  energy  thus  in- 
creasing markedly  the  temperature  of  the  distant  solar  wind  primari- 
ly in  the  (hydrogen-)  apex  hemisphere.  In  contrast, the  scarcity  of 
neutral  atoms  In  the  anti-apex  direction  allows  the  temperature  to 
stay  low  (Grz^dzlelskl  and  Batklewlcz,  1973  )•  Thus  the  temperature 
variation  along,  for  instance,  Neptune’s  orbit  amounts  to  1 to  2 
times  10^  °K  between  the  apex  and  the  anti-apex  directions  for  hy- 
drogen density  at  Infinity  equal  to  0.1  at/cm^.  The  above  descript- 
ion corresponds  to  a time  - independent  case. 


2.  THK  TIMK  DKPKNDKNT  SITUATION 


Changes  in  solar  activity,  in  plasma  flux  and  EUV  flux , cause 
variations  in  loceil  ionization  rate  and  thus  perturb  the  density 
distribution  of  neutral  gas  ng(^,t).  This  feeds  back  on  the  solar 
wind  via  frictional  drag  variations  and  In  consequence  generates 
temperature  and  pressure  wave-llke  phenomena  In  the  distant  solar 
wind  . 

The  general  approach  used  In  the  present  paper  develops  the 
line  adopted  In  an  earlier  paper  (GrzQdzlelskl  and  Ratklewlcz,l975), 
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naB«l7t  th«  effect  of  Intoraotlon  of  the  solar  wlad  and  solar  pho- 
tons with  the  galactic  H Is  treated  as  a snail  perturbation  of  the 
nonnsagnetlo,  spherically  synnetrlo  solar  wind.  This  zero-order 
flow  is  assumed  to  be  an  "average**  solar  wind,  evolving  with  the 
solar  cycle  through  a sequence  of  quasi-statlonary  states*  whose 
properties  change  on  a time  scale  ( few  years  ) which  is  large  as 
ooapared  to  the  time  scale  required  by  the  solar  wind  in  the  helio- 
sphere to  attain  a new  quasi-stationary  state  ( ~ few  aonths  ). 


3.  BASIC  KQLATIOINS  FOR  THE  TIME  DEPENDENT  CASE 


The  equations  for  nuCrit)  are 


Vis  = const 


'7)np/'5>t  ♦ ■ -q/tajj  - L 


where  qAij^  and  L describe  the  mass  loss  terms  corresponding  to 
photoionizatlon  and  charge  exchange.  The  solar  wind  is  described 
by  the  equations 


+ div(^  v^)  s q 
♦ ^(v^grad)^  + grad  P « 


^ f -h  dlv[  ^ v^(  £ + v^/2  + p/(5>l] 


! 


'j  ? (Gi  + Gc  ^ 


Ai 


I 


p » k^T/^mg  , £ = lcT/[^}S^  -1]-^“h1  /6/ 

wber*  £ denotes  the  internal  energy  ^er  gram,  F^,  F^  are  the 
drags  due  to  pbotolonlsatlon  and  charge  exchange  and  G^,  denote 
the  thermal  energy  supplied  by  thermallzatlon  of  new  ions.  For 
details  see  GrzQdzielski  and  Ratklewicz  (1973) • BHS  of  Eqs. 

/3/  - /3/  describe  the  mass,  momentum  and  energy  sources  due  to 
the  interaction  of  two  media.  Putting  the  RHS  equal  to  zero  one 
gets  the  zero-order  flow.  Solutions  to  the  described  set  of  equat- 
ions were  obtained  analytically  and  evaluated  numerically  using 
standard  perturbation  techniques. 


4.  KFKKCTS  III  K TO  SOIAR  ACTJVJTY 


The  changes  in  solar  activity  taken  into  consideration  were 
the  following! 

1/  11-yoar  cycle  variations  of  solar  wind  flux  as  given  by 
Dlodato  et  al.,  (197^)  and  the  corresponding  variations  in  EUV  flux 
compiled  by  Smith  and  Gottlieb  (1974).  Both  effects  were  described 
by  sinusoidal  variations  superposed  upon  the  "average"  flux,  as 
given  in  Fig. 2. 

2/  Sudden  Impulse  in  solar  EUV  flux  due  to  August  1972  series 
of  solar  flares.  The  photo ionization  rate  increase  was  estimated 
from  Solrad  1 - 8 i and  8 - 20  & data  using  EUV  energy  distribution 
baaed  on  Donnelly’s  (1976)  flare  spectrum  models. 

The  interplay  between  1/  and  the  stream  of  H produces  a com- 
plex pattern  of  fluctuating  ng-distributlon.  In  Flg.1  the  time 
evolution  of  ng-distribution  is  shown  for  one-half  of  the  solar 
cycle.  The  modulation  is  particularly  strong  in  the  antiapex  direct- 
ion. For  angular  distance  from  the  apex  ^ = 154°,  the  hydrogen 
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?igure  1.  Tlae  Evolution  of  Neutral  Hydrogen  Distribution  in  the 
Heliosphere  During  One-Half  of  the  Solar  Cycle.  The  blank/dark  re- 
gions correspond  to  n^-values  higherAower  than  values  of  n^  cor- 
responding to  the  stationary  case  (no  modulation).  Arrows  indicate 
the  flow  of  neutral  gas.  For  the  second  half  of  the  cycle  blank 
becomes  dark  and  vice  versa.  Diameter  of  picture  s 90  AU 


density  n^  changes  by  factor  3 at  r s 6 AU  and  by  at  r s 26 
AU.  In  the  apex-hemisphere  the  modulation  is  much  weaker  t 16$( 

2%  for  = 26®  and  same  values  of  r as  above.  Hydrogen  density  at 
Infinity  was  always  0.1  at/cm^.  This  complex  pattern  interacting 
with  the  solar  wind  leads  to  solar  wind  temperature  variations  : 
at  r a 29  AU  T/T  w 15  - 20%  (Figure  2). 

A series  of  Intense  solar  flares  2/  increases  the  ionization 


r 
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i Figure  2.  Upper  Panel:  Temperature  Variations  of  the 

J Distant  Solar  Wind  Due  to  Solar  Modulation  of  the  Ga- 

I lactic  Gas.  r - heliocentric  distance,  S'  - angle 

^ from  apex.  Middle  panel:  modulation  of  the  ionization 

■ rates 

t 


Figure  3.  Belative  Changes  of  Distant  Solar  Wind 
Temperature  Due  to  EUV  Flux  from  Blares.  For  Aug. 
2-7*  1972  « 1/4  in  case  of  Donnelly's  model 

Z.  For  model  X ot  fc  I/25.  Time  in  0.01  years 
after  flcire 


rate  in  the  heliosphere.  It  results  from  the  present  calculations 
that  although  the  direct  heating  by  photoelectrons  is  negligible, 
the  additional  deceleration  of  the  solar  wind  due  to  picking  up 
excess  ions  gives  rise  to  a precursor  temperature  wave  well  ahead 
of  the  shocked  gas.  A T/T  in  the  wave  may  attain  6%  at  r = 8 AU  for 
2 — 7*  1972  flares  (Figure  3).  The  wave  is  most  intense  in  the 
downwind  direction. 
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Discussion 


Blum:  In  your  talk  you  described  a time-dependent  density  distribu- 

tion of  the  interplanetary  neutral  hydrogen  atoms.  The  time- 
dependence  is  ascribed  to  a variable  solar  EUV  and  corpuscular 
flux.  What  deviations  from  the  time-dependent  density  would  you 
obtain  i:i  a steady  state  model  where  you  use  your  momentary  EUV 
and  corpuscular  fluxes  as  the  steady  state  values  of  the  solar 
radiation? 

Grz^dzielskl : In  the  apex  hemisphere  the  situation  would  be  much  the 

same,  i.e.,  the  expected  modulation  would  be  of  the  order  of 
10-30%  depending  on  spatial  position.  In  the  anti-apex  hemisphere, 
however,  .one  would  obtain  modulation  smaller  by  a factor  of  10  or 
more  than  that  which  results  from  the  time-dependent  calculations. 
This  is  due  to  the  fact  that  in  order  to  enter  the  down-wind  tail 
of  the  solar  cavity,  the  galactic  gas  has  to  flow  first  past  the 
Sun  where  it  is  subjected  to  strong  modulation.  This  results  in  a 
very  strong  modulation  (by  a factor  of  2 to  5)  close  to  the  anti- 
apex direction. 

Blum:  The  charge  exchange  processes  dominate  photoionization,  so  why 
do  you  get  modulation  due  to  solar  EUV? 

Grz^dzlelskl : The  modulation  due  to  solar  EUV  emission  may  become 
important  in  case  of  strong  solar  flares.  For  instance  in  the 
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137 


ti 


fRICIDliO  PiOB  tUJK 


t 

I 

t -i-t. 


IPS  Observations  of  Flore-Associated 
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Abstract 


The  flare-associated  shock  waves  which  were  detected  by  the  IPS 
observations  in  1972-1974  are  examined.  The  shock  wave  generated  by 
the  solar  flare  on  Aug,  2/20h,  1972  was  accompanied  by  the  turbulent 
piston.  The  motion  of  this  piston  was  strongly  decelerated  in  the 
region  west  of  the  flare  normal.  Because  of  the  strong  deceleration, 
this  shock  wave  was  degenerated  into  the  density  fluctuations  which 
were  convected  by  the  ambient  solar  wind  of  350  km/sec  at  1.4  AU  from 
the  Sun.  The  shock  wave  produced  by  the  solar  flare  on  Aug.  7/15h, 
1972  was  also  accompanied  by  the  turbulent  piston.  There  was  no 
significant  deceleration  of  the  piston.  Another  piston-driven  shock 
wave  was  observed  in  early  July  1974. 


139 


tKECtUMO  UJM, 


1.  INTRODUCTION 


In  this  report,  we  discuss  the  flare-associated  shock  waves 
which  were  detected  by  the  IPS  observations  in  1972-1974.  Among 
them,  the  shock  waves  observed  in  early  August  1972  and  in  June-July 
1974  are  discussed  in  detail.  For  the  shock  waves  in  early  August 
1972,  we  demonstrate  a capability  of  the  IPS  method  in  the  investi- 
gations of  the  structure  and  the  dynamical  behavior  of  post-shock 
plasma . 


2.  SHOCK  WAVES  IN  EARLY  AUGUST  1972 


2.1  IPS  Obtervatioiu 


In  early  August  1972,  several  flare-associated  shock  waves  were 
detected  by  the  IPS  observations  (e.g.,  Kakinuma  and  Watanabe,  1976) 
The  locations  of  the  lines  of  sight  to  3C48  and  3C144  are  shown  in 
Figure  1.  The  positions  of  Pioneer  9 and  Pioneer  10  are  aloo  shown. 
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Figure  1.  Ecliptic  plane  projections  of  the 
lines  of  sight  and  the  spacecrafts  in  early 
August  1972 


The  pattern  speeds  and  IPS  levels  obtained  by  the  IPS  obser- 
vations in  early  August  1972  at  our  institute  (TYKW)  are  shown  in 
Figure  2.  The  pattern  speeds  provided  by  the  IPS  group  at  Univ.  of 
California,  San  Diego  (UCSD)  are  also  plotted  (Armstrong  et  al., 

1973) . We  estimate  the  pattern  speed  under  the  assumptions  of  radial 
solar  wind  and  isotropic  diffraction  pattern  (Coles  and  Rickett, 

1975) . The  IPS  level  is  the  rms  intensity  fluctuations  normalized  by 
the  galactic  background  noise  level. 
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Figure  2.  Pa.ttern  speeds  and  IPS  levels  obtained  by  the  IPS 
observations  of  3C48  in  early  August  1972.  The  pattern-speed 
measurements  were  made  at  Nagoya  Univ.  (TYKW)  and  at  Univ.  of 
California,  San  Diego  (UCSD) . The  unit  of  the  IPS  level  is 
arbitrary. 


Two  well-defined  enhancements  in  IPS  level  accompanied  by  the 
increase  in  pattern  speed  can  be  seen  in  Figure  2.  First  one  was 
observed  on  Aug.  4,  and  this  enhancement  was  due  to  the  shock  wave 
generated  by  the  solar  flare  on  Aug.  2/20h,  1972.  Second  one  which 
was  observed  on  Aug.  9 is  attributed  to  the  shock  wave  generated  by 
the  solar  flare  on  Aug.  7/15h.  The  shock  wave  generated  by  the  solar 
flare  on  Aug.  4/06h  was  missed  by  the  IPS  observations  of  3C48. 

According  to  Figure  2,  each  increase  in  pattern  speed  caused  by 
the  flare-associated  shock  wave  was  followed  by  thr  gradual  decrease, 
and  lasted  at  least  24  hours.  If  we  consider  that  the  highly  turbu- 
lent post-shock  plasma  still  existed  on  the  line  of  sight  during  one 
or  two  days,  the  observed  decreases  in  pattern  speed  can  be  explained 
by  a combination  of  the  following  three  effects:  (1)  projection  of 
radial  flow  vector,  (2)  deceleration  of  flow  speed  with  heliocentric 
distance,  and  (3)  anisotropic  expansion.  Since  we  observed  the  shock 
waves  propagating  beyond  the  Earth's  orbit  by  IPS  of  3C48  in  early 
August  1972,  the  expected  pattern  speed  is  obtained  by  the  formula: 


( 1 + r ) 


-k 


cos  6 


( r > 0 ) 


(!' 


where  V-  is  the  speed  of  diffraction  pattern  produced  by  the  turbulent 
post-shbck  plasma  propagating  at  ( 1 + r ) All  from  the  sun,  is  the 
flow  speed  at  1 AU  ( r • 0 ) , k is  the  deceleration  power  low  index, 
and  6 is  the  projection  angle.  When  we  cannot  neglect  the  anisotropic 
expansion,  Vq  and  k become  the  functions  of  latitude  and  longitude. 

The  index  K will  also  depend  on  r.  This  formula  can  be  directly 
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Figure  3.  Geometry  of  the  IPS 
observation  of  shock  wave 


applied  to  the  IPS  observations  of  the  piston  of  the  shock  wave.  The 
geometry  is  shown  in  Figure  3.  If  we  were  observing  the  shocked  gas 
just  behind  the  shock  front,  a modification  of  Eq.  1 is  required. 


2.2  Shock  Wave  Generated  by  the  Solar  Flare  on  Aupist  2/20h,  1972 


At  first  we  try  to  examine  the  dynamical  behavior  of  the  post- 
shock plasma  of  the  disturbance  generated  by  the  solar  flare  on  Aug. 
2/20h,  1972  in  the  outer  region  of  the  Earth's  orbit  by  applying  Eq.  1 
to  the  IPS  observations  of  3C48  during  Aug.  4-5.  As  shown  in  Figure  4, 
the  IPS  observations  seem  to  be  fitted  by  the  curve  given  by  the 
formula: 


V (km/ sec)  » 610  ( 1 + r ) cos  9.  (2) 

P 


The  flow  speed  of  610  km/sec  at  1 AU  is  the  approximate  solar  wind 
speed  observed  by  the  Prognoz  satellites  (e.g.,  Vaisberg  and  Zastenker, 
1976)  about  two  hours  after  the  shock-front  passage  when  the  proton 
number  density  reached  the  maximum  ('v<150/cc)  . This  high  density 
post-shock  plasma  is  considered  to  have  been  the  piston.  The  suc- 
cessful prediction  of  the  pattern  speed  by  Eq.  2 suggests  that  the 
turbulent  level  in  post-shock  plasma  reached  the  maximum  at  the  piston, 
and  that  the  expansion  of  the  piston  was  locally  isotropic  in  the 
region  alaout  30*W  - 70®W  of  the  flare  normal.  The  IPS  observations 
and  the  shock  model  given  by  Eq.  2 indicate  that  on  Aug.  5/19h,  the 
flow  speed  of  the  piston  plasma  was  slowed  down  to  that  of  the  ambient 
solar  wind  of  about  350  km/sec  at  1.4  AU  from  the  sun  and  at  70®  west 
of  the  flare  normal.  High  IPS  level  on  Aug.  5/19h  (see  Figure  2) 
shows  that  the  piston  was  degenerated  into  the  plasma  density  fluctu- 
ations which  were  convected  by  the  ambient  solar  wind. 
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Figure  4.  Comparison  of  the  pattern  speed  (Vp) 
predicted  by  Eg.  2 with  the  IPS  observations 
during  Aug.  4-5,  1972 
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Figure  5.  An  estimated  geometry  of 
the  piston  on  Aug.  5/19h,  1972. 


Strong  deceleration  of  this  shock  wave  in  the  region  west  of  the 
flare  normal  forms  a contrast  with  the  conclusion  given  by 
Intriligator  (1976)  that  there  was  no  significant  deceleration  of  this 
shock  wave  between  Pioneer  9 at  0.8  AU  and  Pioneer  10  at  2.2  AU. 

Since  the  Pioneers  were  situated  at  about  20®  east  of  the  flare  normal, 
it  is  also  concluded  that  the  decleration  of  the  piston  in  the  region 
west  of  the  flare  normal  was  strong  as  compared  with  that  in  the  region 
east  of  the  flare  normal.  We  can  draw  a possible  gross  geometry  of 
the  piston  in  the  outer  region  of  the  Earth's  orbit  on  the  basis  of 
the  observations  by  Pioneers  and  IPS  of  3C48.  The  result  is  shown  in 
Figure  5. 
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2.3  Shark  Wave  G«n«ra(«d  by  Ihr  Solar  Flare  on  Aunwl  7/1  Sh,  1972 


We  next  examine  the  shock  wave  generated  by  the  solar  flare  on 
Aug.  7/lSh,  1972.  As  shown  in  Figure  6,  the  IPS  observations  in  the 
period  from  Aug.  9/12h  to  Aug.  10/12h  seem  to  be  well  fitted  by  the 
model  of  shock  wave  propagating  with  constant  speed: 


Vp  (km/ sec) 


1000  cos  0. 


(3) 


The  flow  speed  of  1000  kra/sec  is  the  solar  wind  speed  obser- 
ved by  Prognoz  satellites  (Vaisberg  and  Zastenker,  1976)  about  six 
hours  after  the  shock-front  passage  when  the  proton  number  density 
reached  the  maximum  ('V'20/cc)  . If  we  consider  that  this  relatively 
high  density  post-shock  plasma  was  the  turbulent  piston,  it  is  con- 
cluded that  this  piston  expanded  as  far  out  as  1.7  AU  from  the  Sun  in 
the  region  east  of  the  flare  normal  without  significant  deceler- 
ation. A good  agreement  seen  in  Figure  6 indicates  the  locally  iso- 
tropic expansion  of  the  piston  in  the  region  between  the  flare  normal 
and  the  Sun-Earth  line. 
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Figure  6.  Same  as  Figure  4 but  for  the  shock  wave 
generated  by  the  solar  flare  on  Aug.  7/15h,  1972 


The  observations  at  Pioneer  9 and  Pioneer  10  located  at  80*  east 
of  the  flare  normal  showed  no  significant  deceleration  of  this  shock 
wave  (Intriligator , 1976)  . A possible  gross  geometry  of  the  piston  of 
this  shock  wave  is  shown  in  Figure  7.  The  slower  expansion  along  the 
Sun-Pioneers  line  seems  to  have  been  due  to  the  existence  of  ambient 
low  speed  stream  (Kaklnuma  and  Watanabe,  1976)  . 
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Figure  7.  Saune  as  Figure  5 but  for  Aug.  10/12h 
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I Figure  8.  Pattern  speeds  and  IPS  indices  obtained  by  IPS 

observations  of  3C144  in  early  August  1972  (see  text) 


The  existence  of  the  turbulent  piston  driving  the  shoc)c  wave 
generated  by  the  solar  flare  on  Aug.  7/15h,  1972  seems  to  be  con- 
firmed by  the  IPS  observations  of  3C144.  As  shown  in  Figure  1,  the 
line  of  sight  to  3C144  was  situated  inside  the  Earth's  orbit  in  this 
period.  The  pattern  speeds  obtained  at  TYKW  and  at  UCSD,  and  the  IPS 
indices  obtained  at  UCSD  (Rickett,  1975)  and  at  Adelaide  Univ.  (Ward, 
1975)  are  shown  in  Figure  8.  Daily  IPS  index  obtained  at  UCSD  is 
halved  to  adjust  to  the  base  level  of  IPS  activity  observed  at 
Adelaide.  As  shown  in  Figure  8,  very  high  pattern  speed  of  about  1000 
lun/sec  was  observed  at  UCSD  on  Aug.  8/16h  while  the  IPS  activity  was 
not  enhanced  (Rickett,  1975)  . If  we  estimate  the  position  of  the 
shock  front  at  the  time  of  IPS  observations  of  3C144  assuming  the 
constant  shock  speed  of  1100  km/sec  (Vaisberg  et  al.,  1975),  it  is 
concluded  that  the  IPS  observation  at  UCSD  on  Aug.  8 was  made  immedi- 
ately after  the  shock-front  passage  of  the  disturbance  generated  by 
the  solar  flare  on  Aug.  7/15h.  On  the  other  hand,  the  IPS  observation 
at  Adelaide  which  was  made  about  seven  hours  after  the  UCSD  obser- 
vation on  Aug.  8 shows  the  prominent  increase  in  IPS  index.  The  IPS 
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observation  of  3C144  at  TYKW  on  Aug.  8/23h  also  showed  high  IPS  level. 
These  observations  strongly  suggest  that  the  most  turbulent  region  in 
the  piston-driven  shock  wave  is  not  situated  just  behind  the  shock 
front  but  at  the  piston. 


3.  SHOCK  WAVES  IN  JUNE  JULY  1974 


3.1  IPS  Obtrrvation* 


The  pattern  speeds  and  IPS  levels  obtained  by  the  IPS  obser- 
vations of  3C48  during  the  period  from  mid-June  to  mid-July  1974  are 
shown  in  Figure  9.  The  approximate  locations  of  the  line  of  sight  to 
3C48  in  late  June  and  early  July,  the  solar  flares  with  type  n and/or 
type  i/  radio  hursts,  and  SSC  activities  of  the  geomagnetic  field  are 
also  shot/n  in  this  figure. 


juc  Jin'!  IV* 


Figure  9.  Solar  flares  with  type  H and/or  type  1/  radio 
bursts,  IPS  level  of  3C48,  pattern  speed  obtained  by  the 
IPS  observations  of  3C48,  and  SSCs  in  June-July  1974 
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;<  3.2  Shock  Wave*  in  Late  July  1974 

1 1 


As  shown  in  Figure  9,  the  prominent  enhancements  in  the  IPS 
level,  observed  late  on  June  22  and  on  June  24,  1974,  were  followed 
by  an  SSC  in  the  geomagnetic  field.  The  first  enhancement  in  the  IPS 
level  was  accompanied  by  the  increase  in  pattern  speed  up  to  450  km/sec, 
and  this  enhancement  was  probably  due  to  the  shock  wave  generated  by  the 
solar  flare  with  type  II  and  type  IV  radio  bursts  on  June  19/23h,  1974. 
The  enhancement  in  IPS  level  was  very  prominent  while  the  magnitude  of 
SSC  activity  was  small. 

The  second  enhancement  in  IPS  level  accompanied  by  the  small 
increase  in  pattern  speed  up  to  450  km/sec  was  observed  about  24  hours 
before  the  onset  of  SSC  on  June  25/23h.  This  enhancement  seems  to 
have  been  due  to  the  shock  wave  generated  by  the  solar  flare  on  June 
23/06h.  However,  as  shown  in  Figure  9,  the  IPS  level  fell  down  to  the 
normal  level  about  one  hour  before  the  SSC.  This  situation  cannot  be 
explained  by  the  model  of  uniformly  expanding  shock  wave.  The 
expanding  speed  along  the  flare  normal  situated  at  about  50®  west  of 
the  Sun-Earth  line  must  have  been  much  faster  than  that  along  the  Sun- 
Earth  line,  and  that  highly  turbulent  region  must  have  been  confined 
in  the  vicinity  of  the  flare  normal. 


3.3  Shock  Wave*  in  Early  July  1974 


A number  of  intense  proton  flares  and  associated  solar-terrestri- 
al events  were  observed  in  early  July  1974  (e.g.,  NOAA  Technical  Memo- 
random  ERL  SEL-38,  ed.,  S.J.  Mangis) . As  shown  in  Figure  9,  a sharp 
increase  in  IPS  level  accompanied  by  the  increase  in  pattern  speed  up 
to  500  km/sec  was  observed  on  July  5/22h.  This  enhancement  was 
followed  by  the  SSC  on  July  6/03h.  Krivsky  and  Pinter  (1975)  sugges- 
ted that  this  SSC  was  caused  by  the  shock  wave  generated  by  the  solar 
flare  with  type  II  and  type  IV  radio  bursts  on  July  4/21h.  On  the 
basis  of  the  observations  at  Pioneer  10  and  Pioneer  11,  they  also 
suggested  that  this  shock  wave  propagated  as  far  out  as  Jupiter's 
orbit  without  strong  deceleration.  Estimated  deceleration  power  law 
index  of  the  mean  propagating  speed  between  0.5  and  2.2  AU  from  the 
Sun  is  about  0.3.  Because  of  small  deceleration  index  as  compared 
with  that  of  the  theoretical  blast  wave  (see  the  review  given  by  Dryer, 
1974)  , this  shock  wave  is  considered  to  have  been  the  driven-type 
disturbance.  Therefore,  observed  enhancement  in  IPS  level  was  proba- 
bly due  to  the  turbulent  piston. 

There  exists  no  appreciable  increase  in  IPS  level  corresponding 
to  the  shock  waves  which  produced  the  SSC  activities  on  July  4 . These 
shock  waves  must  have  propagated  in  the  high  speed  stream  which  was 
observed  by  IPS  observation  of  3C48  during  June  25  - July  4.  Thus  it 
is  suggested  that  some  shock  waves  propagating  in  the  high  speed 
streeuns  do  not  produce  appreciable  increase  in  IPS  level. 
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4.  CONCLUSIONS 


The  IPS  observations  in  early  August  1972  show  that  the  shock 
waves  accompanied  by  the  high  density  piston  produced  high  IPS  activ- 
ity. The  turbulence  level  in  the  post-shock  region  was  the  maximum 
at  the  piston. 

The  IPS  observations  in  early  August  1972  also  show  that  the 
deceleration  of  the  piston  in  the  region  west  of  the  flare  normal  was 
strong  as  compared  with  that  in  the  region  east  of  the  flare  normal. 
Such  a difference  in  deceleration  rate  will  produce  an  asymmetric 
expansion  of  the  flare-associated  disturbance  (e.g.,  Sakurai  and  Chao, 
1973)  . 

According  to  the  IPS  observations  in  1972-1974,  violent  shock 
waves  of  a driven  type  produced  high  IPS  activity.  As  shown  in 
section  3.2,  two  minor  shock  waves  propagating  in  the  low  speed  stream 
also  produced  high  IPS  activity.  On  the  other  hand,  as  shown  in 
section  3.3,  the  shock  waves  propagating  in  the  high  speed  streaun  did 
not  produce  appreciable  increase  in  IPS  level.  To  find  a causal  rela- 
tionship, it  is  required  to  collect  more  examples  of  the  shock  obser- 
vations by  the  IPS  method. 
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Abstract 


The  shape  of  solar  flare— associated  shock  waves  in  August  1972  was  studied 
by  comparing  the  solar  plasma  observations  on  Prognoz,  Prognoz-2,  Pioneer-9  and 
Pioneer-10  spacecrafts  with  type  II  radio  burst  observations  and  observations  of 
radiosource  scintillations.  This  study  showed  that  the  first  shocks  were  almost 
spherical  and  displayed  strong  deceleration  (blast  waves).  Two  subsequent  shocks 
were  highly  nonspherical  with  low  deceleration  (piston-driven  waves).  Energy  and 
mass-eiected  quantities  obtained  from  Prognoz-2  measurements  are  10“  - 10“  ergs 
and  10‘®  - 10*^  g,  respectively. 
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I.  INTRODUCTION 


During  early  August  1972  the  sun  displayed  very  intense  activity,  the  great- 
est in  the  twentieth  solar  cycle.  This  activity  was  associated  with  the  passage 
of  the  Me  Math  region  N°  11976  across  the  solar  disc,  a phenomenon  visible  from  the 
Earth.  This  period  has  been  investigated  by  many  direct  observations  which  reveal 
four  major  flares  : 

Event  1 : 2 August  at  03.10  U,T. 

Event  2 : 2 August  at  19.58  U.T. 

Event  3 : 4 August  at  06.20 

Event  4 : 7 August  at  15.05  U.T. 

This  group  of  flares  represents  the  roost  intense  solar  activity  recorded  in 
space  experiment  history.  The  data  obtained  during  this  period  are  thus  of  par- 
ticular interest  in  studying  the  development  of  flare-associated  disturbances. 

The  development  of  the  plasma  characteristics  and  the  interplanetary  magnetic 
field  in  the  shock  waves  detected  at  different  points  in  interplanetary  space  has 
been  given  in  many  publications  and  reports  (Cattaneo  et  al.,  1974  ; Mihalov  et 
al.,  1974  ; Bezrukikh  et  al.,  1975  ; Cambou  et  al.,  1975  ; Dryer  et  al.,  1975, 

1976  ; Hakura,  1976  ; Intril igator.,  1976  ; Smith,  1976  ; Vaisberg  and  Zastenker, 
1976).  In  order  to  improve  the  interpretation  of  these  observations,  the  geo- 
metrical structure  and  energy  distribution  within  a shock  wave  must  be  taken  into 
account.  These  parameters  are  important  and  may  be  used  as  criteria  for  testing 
two  dimensional  theoretical  models.  In  this  paper  we  present  the  overall  values  ob- 
tained for  the  August  1972  disturbances,  i.e.,  the  energy  released  and  the  matter 
ejected  during  each  of  the  solar  events,  as  well  as  an  estimate  of  the  volume  of 
the  disturbance.  This  volume  will  be  indicated  only  by  its  extension  along  the 
ecliptic  plane. 


2.  DATA  AND  INFORMATION 


The  data  used  in  this  paper  come  from  the  Franco-Soviet  Cal  ipso  and  RIP 
experiments  aboard  earth-orbiting  satellites  Prognoz  and  Prognoz  2 (Temny  et  al, 
1974  ; Cambou  et  al.,  1975  ; Vaisberg  and  Zastenker,  1976  ; d'Uston  et  al., 

1977).  Measurements  have  also  been  made  by  Pioneer  9 at  0.8  A.U.  and  Pioneer  10 
at  2.2  A.U.  on  the  same  heliocentric  radius  at  45°  east  of  the  Sun-Earth  line 
(Mihalov  et  al.,  1974  ; Dryer  et  al.,  1975,  1976  ; Intriligator,  1977  ; Smith 
et  al.,  1977).  The  chronology  ot  tne  events  seen  at  these  different  points  is 
given  in  Table  1.  This  table  is  arranged  to  indicate  the  associations  we  have 
made  between  detected  shock  waves  and  solar  events.  Other  combinations  have  been 
proposed  for  the  shock  waves  detected  by  Pioneer  10  (Intriligator,  1977,  Smith 
et  al.,  1977).  We  have  also  used  observations  of  the  scintillation  of  radiosources 
whose  line  of  sight  is  near  the  ecliptic  plane.  In  order  to  simplify  the  figures 
we  have  placed  the  interaction  of  the  plasma  and  the  radio  wave  at  a point  cor- 
responding to  the  maximum  efficiency  of  this  interaction  on  the  line  of  sight 
(Figure  1). 
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Table  1.  Sumnary  of  satellite,  comet  and  radiosource  observations 


Coordinates 


Object 


R 

(A.U.) 


Registration  of  shock  waves  (UT) 


l®*f1are 


Pioneer-9  0.78  2N  45E 
Prognoz  1.0  6N  0 
Pioneer-10  2.2  0 45E 
Comet  G/Z  0.99  4N  58W 
3C  48  1.1  12N  15W 
3C  144  0.80  6N  40W 
3C  273  0.82  6N  39E 
X 298  0.95  ION  19E 


4.20  3 11.17 


flare 

4th 

flare 

Time 

Day 

Time 

23.23 

9 

7.10 

20.54 

8 

23.52 

15.20 

13 

3.00 

- 

9 

15. 

13. 

8 

19. 

17. 

8 

16. 

- 

9 

6. 

1. 

9 

1. 

3.  KXTENSION  ANI)  PROPAGATION 


Considering  the  work  already  done  elsewhere  (Dryer  et  al.,  1975  ; a*1goryeva 
et  al.,  1976  ; Rickett,  1975  ; Kakinuma  and  Watanabe,  1976)  and  using  these  data 
we  have  attempted  to  find  the  shape  of  the  shock  wave  at  the  moment  of  detection 
by  the  Prognoz  satellites  near  the  Earth.  Since  the  observations  were  made  at 
different  points  and  different  times.  It  Is  necessary  to  provide  a radial  propaga 
tion  model  to  study  the  longitude-dependence.  We  have  considered  three  different 
cases  : 

- a constant  propagation  speed  along  a given  heliocentric  radius, 

- an  average  propagation  speed  Inversely  proportional  to  the  heliocentric 
distance  travelled,  and 

- an  average  speed  following  a law  of  the  form  R"“,  where  the  exponent  has 
been  determined  fPom  work  previously  published  by  Zastenker  et  a1.(1976'. 

These  three  hypothesis  lead  to  similar  results  concerning  their  dominant 
features.  More  specifically  we  have  retained  the  third  model,  since  It  can  be 
used  to  separate  the  shock  waves  Into  two  types  depending  on  the  exponent  alpha. 


Figure  1.  Positions  of  Pioneer  9 and  Pioneer  10  and  lines  of  sight  of 
raoiosources  projected  on  to  the  solar-equatorial  plane.  The  longitudes 
of  the  August  2,  4 and  7 major  solar  flares  are  shown  by  arrows 
(adapted  from  Rickett,  1975). 


In  this  model  the  propagation  speed  of  the  shock  front  at  a point  located  at 
distance  R from  the  Sun,  Is  expressed  as  ; 

« ■ '^int  / «1nt)‘“ 

where  R<nt  '•s  the  distance  at  which  the  deceleration  begins  and  Uint  the  speed  of 
propagation  at  this  point.  For  each  direction  i*  with  respect  to  the  central 
meridian  of  the  flare  we  have  calculated 

“int  ' '^nt  " »«int)  > "^obj  (2) 

using  the  arrival  time  (atobj)  of  the  shock  wave  at  one  point  in  space  (&♦,  RoPi)* 
The  values  obtained  are  generally  in  agreement  with  the  speeds  found  from  measure- 
ments of  type  II  radio  bursts  In  the  solar  corona.  These  estimates  are  quite 
accurate  since  the  calculation  uses  observations  made  closest  to  the  central 
meridian  of  the  burst.  This  criterion,  however,  should  not  be  given  too  much  Im- 
portance since  we  have  taken  a value  of  Rint  around  70  to  90  Rq  in  agreement 

with  the  results  presented  by  Dryer  et  a1.,  (1975),  while  the  source  of  the 
^e  II  radio  bursts  observed  is  located  at  less  than  20  Rq  . 

The  position  R'  and  the  propagation  speed  U'  of  the  shock  wave  in  different 
directions  A*  with  respect  to  the  Sun  at  the  time  At^  of  their  detection  at  the 
Earth  have  been  calculated  using  this  same  model  : 
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(3) 


R'  - [(1  + a)  . Ato  / R^„t  - 1)  ♦ l] 

and 

- ‘^int  («■  / (4) 

Figure  2 gives  the  results  obtained  using  this  method  for  propagation  speeds. 
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Figure  2.  The  shock  wave  velocity  (U')  dependence 
versus  the  angular  deflection  from  the  flare  meri- 
dian. Figures  In  circles  are  numbers  of  the  flares. 


Taking  Into  account  the  normalization  at  1 A.U.  performed  on  the  positions,  the 
results  Indicate  a shape  which  like  the  speeds  depends  on  the  heliocentric  Ion- 

gitude.  This  calculation  shows  that  the  same  speeds  are  obtained  whether  one  uses  j 
Pioneer  9 observations  or  those  of  Pioneer  10,  using  the  associations  given  at  the  j 
beginning  of  this  paper.  In  the  case  of  differing  associations,  there  Is  a sub-  ] 
stantlal  disagreement  on  this  particular  point.  Furthermore,  the  speeds  found  are  j 
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In  good  a^eement  with  those  determined  near  the  Earth  using  measurements  of  plasma 
characteristics  before  and  after  the  passage  of  the  shock  front  (Cattaneo  et  a1., 
1974,  Vaisberg  and  Zastenker,  1976). 


Generally  speaking,  the  figure  given  shows  several  Interesting  characteris- 
tics. The  first  two  shock  waves  propagated  at  a speed  Independent  of  the  longitude, 
at  least  In  a wide  region  of  the  ecliptic  plane  ; this  leads  to  an  almost  spheric- 
al shape  of  the  shock  waves, 'Many  authors  have  shown  that  these  two  disturbances 
underwent  a strong  deceleration  (a  > 1.4  and  1.7,  respectively)  which  gave  them 
the  character  of  a blast.  However,  It  Is  certain  that  the  second  event  also  has 
a different  character  due  to  a "piston"  of  ejected  material  detected  both  on 
Pioneer  9 and  Prognoz  1 (Temny  et  a1.,  1974).  Furthermore  Pioneer  10  records  the 
passage  of  the  ejected  matter  7 hours  after  the  arrival  of  the  first  disturbance 
on  6 August,  but  It  seems  that  the  ejected  matter  shows  no  evidence  of  a piston 
since  the  maximum  speed  of  the  ejected  plasma  ('V'  680  km  (sec)~^)  Is  less  than  that 
of  the  shock  front  (-v.  720  km  (sec)"*). 

The  two  other  disturbances  detected  In  Interplanetary  space  are  completely 
different  In  nature.  Figure  2 shows  that  the  propagation  speeds  are  much  higher 
and  strongly  dependent  on  the  longitude  of  the  point  of  observation.  The  maximum 
speed  Is  found  near  the  central  meridian  of  the  burst.  The  shock  wave  occupies 
a region  In  the  ecliptic  plane  which  Is  very  extended  In  angle  but  definitely 
non-spherical  In  shape.  Another  aspect  distinguishing  these  shock  waves  from  the 
two  preceding  ones  Is  their  relatively  small  deceleration  (a  ■ 0,28  and  0.23, 
respectively).  A piston  Is  thus  detected  and  confirmed  for  the  third  burst  by  the 
observation  of  the  Franco- Soviet  experiment  Callpso  of  the  passage  of  the  ejected 
matter  two  hours  after  the  shock  front  (d'Uston  et  al.,  1977).  The  speed  Is  maxi- 
mum around  the  central  meridian  of  the  burst  and  cannot  be  used  to  determine  a 
possible  preferential  movement  of  the  disturbance  eastward  or  westward. 


4.  ENERGIES 


In  all  of  these  disturbances  the  energy  transported  has  been  calculated  from 
plasma  and  magnetic  field  measurements  made  near  Earth  by  the  Prognoz  1 and  2 
satellites  (Figure  3).  The  dotted  lines  Indicate  the  Interpolation  carried  out 
during  the  passage  of  the  satellite  through  the  magnetosphere.  The  arrival  of  the 
successive  disturbances  appears  very  clearly  on  the  velocity  diagram.  These 
parameters  are  values  averaged  over  one  hour  ; they  are  used  to  calculate  the 
kinetic  (bold  face),  thermal  (fine  line),  and  potential  (not  shown)  energy  fluxes 
(Figure  4). The  measured  value  of  the  total  magnetic  field  Is  used  to  calculate 
the  magnetic  energy  flux  (dotted  line). 

Since  the  second  disturbance  quickly  follows  the  first.  It  Is  Impossible  to 
separate  the  energies  Involved  In  each.  We  shall  thus  consider  the  sum  of  the 
contributions  for  these  two  events. 

Generally  speak1ng,the  observations  made  by  Prognoz  present  characteristics 
In  aveement  with  measurements  made  at  0.8  A.U.  45°  east  of  the  Sun-Earth  line 
by  Pioneer  9.  The  detailed  structure  has  already  been  studied  In  other  publica- 
tions (Dryer  et  al.,  1976  ; d'Uston  et  al.,  1977).  It  may  be  noted  that  the  three 
components  of  the  energy  flux  exhibit  a similar  behavior  during  the  "return  to 
quiet*  phase  following  the  third  disturbance. 
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Figure  3.  The  solar  wind  plasma  parameters  from  Prognoz 
and  Prognoz-2  data  for  August  3-12,  1972,  The  arrows  show 
the  arrival  of  four  shock  waves  at  the  Earth.  Interpolation 
is  denoted  by  a dotted  line. 
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Figure  4.  Time  variations  of  the  flux  density  for  kinetic 
(solid  line),  thermal  (thin)  and  magnetic  (dashed  line) 
energies  for  August  1972  events. 


The  velues  shown  In  Figure  4 have  been  Integrated  over  time,  Independently 
for  each  shock  wave  (except  the  first  two).  In  addition,  the  quantities  correspond- 
ing to  the  quiet  solar  wind  prior  to  the  series  of  disturbances  have  been  left  out. 
The  overall  thermal  and  magnetic  energy  fluxes  are  then  seen  to  be  negligible 
compared  to  the  kinetic  and  potential  energy  fluxes.  The  latter  have  the  same 
order  of  magnitude  except  for  the  third  event  which  Is  clearly  dominated  by  the 
kinetic  energy  flux. 

In  order  to  evaluate  the  amount  of  energy  released  and  the  mss  ejected 
during  these  events,  the  volume  occupied  by  these  disturbances  must  also  be  found. 
Assuming  that  the  energy  flux  observed  near  the  Earth  Is  the  same  as  that  which 

has  crossed  1 cm^  at  any  point  In  that  part  of  the  sphere  reached  by  the  dis- 
turbance at  a radius  of  1 A.U.,  we  can  find  these  quantities.  The  study  made  on 

the  extent  In  longitude  Into  the  ecliptic  plane  makes  It  possible  to  specify  the 

solid  angle  occupied  by  the  disturbances.  For  the  first  two  disturbances  present- 
ing an  almost  spherical  shape,  we  have  chosen  a value  of  2 n sr,  the  same  as  that 
taken  by  Dryer  et  al.,  (1976).  The  fourth  burst  gave  rise  to  a disturbance  which 
propagated  into  a narrower  region  In  space,  I.e.  n sr  and  the  third  disturbance 
which  Is  significantly  narrower  occupies  a solid  angle  of  n/2  sr. 

For  the  energies  and  masses  we  have  obtained  the  values  given  In  Table  2. 
Knowing  that  the  first  burst  Is  weaker  than  the  second,  we  note  that  the  second 
Is  the  more  powerful  and  has  the  greater  quantity  of  ejected  mass.  It  can  also 
be  noted  that  the  second  burst  ejected  about  10  times  more  matter  than  the  third 
while  the  energy  released  Is  only  twice  as  great.  Assuming  a predominance  of 
kinetic  energy  In  the  third  disturbance  and  an  equal  distribution  between  kinetic 
and  potential  energy  In  the  second,  the  ratio  of  speeds  should  be  /~W.  This 
ratio  Is  actually  about  4,  which  Is  In  rather  good  agreement  with  our  hypothesis, 
particularly  if  we  consider  that  this  Is  the  maximum  value  of  this  ratio  (It  was 
In  fact  established  for  speeds  near  the  meridian  plane  of  the  bursts). 


Table  2.  Energy  (ergs)  and  ejected  mass  (g.)  for  the  August  1972  flare 
associated  shock  waves,  as  observed  by  the  PROGNOZ-2  and  PIONEER-9 
satellites. 


Parameter 

Spacecraft 

lli  + 2iJSl  flares 

flare 

4i!l  flare 

Enerw 

Prognoz-2 

2.6x1033 

1.3x1033 

2.9x1032 

(erg) 

Pioneer-9 

5,5x1032 

1.1x1032 

3.8x1032 

Mass 

Prognoz-2 

6.0x10*2 

4.0xl0*« 

4.5x10*6 

(9) 

Pioneer-9 

1.4x10*2 

1.6x10*6 

9.4x10*6 
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5.  ('.ONCLIISION 


By  studying  each  event  of  this  series  of  disturbances  Independently,  we  have 
shown  that  a single  outline  of  behavior  cannot  be  applied.  This  Is  due  to  the  fact 
that  while  the  Initial  propagation  speed  most  11ke1y  depends  only  on  the  energy 
released  by  the  burst  (Hundhausen  and  Gentry,  1%9),  the  average  propagation  speed 
depends  In  fact  on  the  medium  through  which  it  has  travelled.  During  the  first 
half  of  August  1972  thisstudywas  very  complex  because  of  the  disturbed  state  of 
the  Interplanetary  medium. 

A classification  can  however  be  made  with  respect  to  the  deceleration  rates 
of  these  shock  waves.  The  first  two  disturbances  are  blast  waves  (a  > 1)  and  have 
an  approximately  spherical  shape,  unlike  the  two  following  bursts  which  are  In- 
stead driven  shock  waves,  with  a non-spherical  shape.  It  can  thus  be  noted  that 
for  the  same  energy  the  propagation  speed  of  a driven  shock  wave  Is  greater  than 
that  of  a blast  wave. 
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Abstract 


We  have  examined  multiple  spacecraft  plasma  and  magnetic  field  observations  at 
different  heliocentric  longitudes  to  determine  the  directional  properties  (the 
angular  distribution  of  shock  velocities)  of  the  propagation  of  the  flare-generated 
interplanetary  shock  waves  at  a distance  of  1 AU.  It  was  found  that  the  shock  waves 
mostly  do  not  propagate  Isotropically  in  the  Interplanetary  medium,  l.e.  the  wave 
front  emitted  by  a flare  explosion  moves  with  different  velocities  in  different 
directions  of  propagation.  The  highest  average  velocity  of  the  shock  waves  is  ob- 
served in  the  direction  close  to  the  meridional  plane  which  crosses  the  position  of 
an  associated  flare,  i.e.  the  average  wave  velocities  decrease  with  increasing 
angular  distance  between  the  flare  meridian  and  the  direction  to  the  observer.  This 
feature  is  associated  with  an  anisotropic  angular  distribution  of  shock  wave  veloc- 
ities. 

To  determine  the  shape  of  the  shock  wave  we  used  normalized  average  velocities 
up  to  1 AU.  The  results  indicate  that  the  shock  expands  on  a broad  front  which  is 
not  spherical,  but  nearly  symmetrical  with  respect  to  the  meridional  plane  of  an 
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associated  flare.  These  non-spherlcally  synmetric  shock  waves,  however,  have  a 
limited  angular  extent. 

Two  possible  patterns  of  generation  and  propagation  of  flare-associated  shock 
waves  in  interplanetary  space,  explaining  these  properties,  are  discussed: 

(i)  A piston-driven  shock  wave  is  generated  by  the  flare,  probably  persisting 
to  a distance  of  0.3  - 0.6  AU)  the  radially  ejected  plasmoid  probably  ceased  at  that 
time,  thereby  leaving  the  shock  to  decelerate  like  a blast  wave,  i.e.  the  effective 
region  of  generation  of  blast-like  waves  is  situated  at  a large  distance  frosi  the 
flare  (Dryer  et  al . , 1976). 

(ii)  The  flare  generates  a shock  wave,  the  velocity  of  the  front  decreasing  on 
moving  away  from  the  radial  direction.  In  the  conclusion  of  the  paper  the  direc- 
tional properties  of  the  shock  wave  velocity  are  studied  with  the  aid  of  diagrams 
for  which  the  values  of  the  so-called  angular  coefficient  were  computed. 


1.  INTRODUCTION 


The  available  data  on  the  angular  distribution  of  the  propagation  velocity  of 
flare-generated  interplanetary  shock  waves  were  mostly  obtained  by  studying  the 
shape  of  the  shock  fronts  observed  close  to  the  Earth's  orbit.  The  primary  source 
of  information  on  the  configuration  of  shock-wave  fronts  in  the  plane  of  the 
ecliptic  comes  from  a statistical  analysis  of  a large  number  of  observations  of 
geomagnetic  storm  SSC's  (Hlrshberg,  1968)  and  Forlxish  decreases  of  cosmic  rays 
(Sakurai,  1973,  1974).  In  order  to  determine  the  shape  of  the  shock-wave  front 
Hlrshberg  (1968)  used  the  magnitudes  of  geomagnetic  storms  which  were  studied  as  a 
function  of  the  heliographic  longitude  of  solar  flares,  causing  the  SSC's.  The 
central  meridian  effect,  determined  from  all  the  oases  investigated,  includes  in- 
formation on  some  of  the  mean  properties  of  the  shape  of  the  shock  wave  in  the 
plane  of  the  ecliptic  close  to  the  Earth.  Hirshlserg  (1968)  reached  a very  import- 
ant conclusion:  The  shock  is  expanding  on  a broad  front  but  the  shape  deviates 
considerably  from  spherical  symmetry.  The  velocity  of  the  shock  at  large  angles  is 
approximately  six-tenths  the  velocity  at  zero  degrees. 

In  another  effort  to  determine  the  shape  of  the  front  of  interplanetary  shock 
waves  close  to  the  Earth's  orbit,  Sakurai  (1973,  1974)  statistically  analysed  the 
time  lag  of  the  SSC  after  the  generation  of  the  SSC  of  geomagnetic  storms  and  of 
Forbush  effects  of  cosmic  rays  as  a function  of  the  heliographic  longitude  of  the 
corresponding  flares.  The  resulting  time  intervals  yield  information  on  the 
velocity  of  the  propagation  of  interplanetary  shock  waves  as  a function  of  the 
(leliographlc  longitude.  By  employing  mean  time  intervals  Sakurai  (1973)  determined 
the  angular  distribution  of  the  mean  velocity  of  shock  waves  which  Indicates  that 
the  shock  waves  do  not  propagate  isotropically  through  interplanetary  space  and  that 
the  largest  velocity  was  observed  about  30°  west  of  the  central  meridian  plane. 

Recently  a number  of  papers  has  l>een  published  (Taylor,  1969)  Landt  and  Croft, 
1970)  Chao  and  Lepping,  1974)  Savassano  et  al.,  1973)  in  which  the  authors  deter- 
mined the  shape  and  characteristics  of  flare-generated  Interplanetary  shock  waves 
by  using  satellite  observations  of  the  plasma  and  magnetic  field.  These  papers 
present  a statistical  study  of  the  gross  geometry  of  a "typical"  or  average  shock 
surface  based  on  multiple  spacecraft  sightings  and  their  relative  orientation  with 
respect  to  the  parent  flare. 
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Apart  from  these  statistical  studies  there  exist  several  papers  (Marianl 
et  al.,  1970;  Lepping  and  Chao,  1976;  Ness  and  Taylor,  1969)  dealing  with  a detailed 
study  of  the  ecliptic  plane  geometry  of  a single  shocic  surface  near  1 AO  on  the 
following  dates:  July  8,  1966;  February  15-16,  1967;  February  25,  1969. 

The  facts  about  the  spatial  distribution  of  the  velocity  of  the  flare-generated 
Interplanetary  shock  waves  form  the  foundation  for  understanding  their  dynamics, 
energy  and  also  the  processes  by  which  the  plasma  is  ejected  from  the  solar  flare 
region.  In  principle,  this  ]cnowledge  is  best  obtained  from  observing  a certain 
flare-generated  interplanetary  shock  wave  at  various  heliocentric  longitudes  by 
means  of  spacecraft. 

The  purpose  of  the  present  paper  is  to  examine  the  angular  distribution  of  the 
velocities  of  the  propagation  of  flare-generated  shock  waves  with  the  help  of 
multiple  spacecraft  observations  and  using  well-documented  events.  To  determine  the 
angular  distribution  of  the  shock  wave  propagation  velocity  the  observations  from 
the  solar  orbiting  Pioneer  space  probes  constituted  our  principle  data  source. 
Occasional  observations  from  the  Venera  and  Mariner  interplanetary  probes  were  also 
used.  This  paper  represents  the  first  large  collection  of  selected  flare-generated 
shock  wave  data  as  observed  simultaneously  by  several  spacecraft  in  interplanetary 
space . 


2.  PROPAGATION  OF  FLARE-GENERATED  SHOCK  WAVES, 
AUGUST  2 TO  13,  1972 


2.1  Velocity  Aniaotrophy  in  the  Propagation  of  Flare-Generated 
Waves,  Observed  Between  August  2 and  13,  1972 


In  this  initial  part  of  the  paper  we  shall  discuss  the  properties  of  the 
propagation  of  shock  waves,  generated  by  sequential  solar  flares  in  McMath  region 
11976,  between  August  2 and  13,  1972  (see  Table  1).  Although  the  solar  and  inter- 
planetary events,  produced  by  this  active  region,  have  already  been  examined 
sufficiently  from  various  aspects  in  the  papers  of  Dryer  et  al,  (1975,  1976), 

Zastenker  et  al . (1976),  and  Pintir  and  Dryer  (1977),  we  consider  it  important  to 
point  out  in  greater  detail  some  of  the  angular  properties  of  the  propagation  of 
these  shock  waves  in  order  to  understand  better  their  mechanism  of  propagation 
in  interplanetary  space. 

Region  11976  was  quite  active  in  producing  solar  coronal  and  interplanetary  j 

waves,  which  generated  strong  SSC  effects  and  Forbush  decreases  in  the  cosmic  ray 
Intensity  (Venkatesan  et  al.,  1975).  Direct  observations  of  interplanetary  shock 
waves  were  obtained  by  five  spacecraft:  Prognoz  1 and  2,  Heos  B,  Pioneer  9 and  10 

(Mihalov  et  al.,  1974;  CamJaou  et  al.,  1975;  Vaisberg  et  al . , 1975).  We  shall  not  I 

consider  the  Pioneer  10  observations,  jsecause  we  will  only  study  the  velocity  of 
propagation  out  to  about  1.0  AU.  The  spacecraft  Prognoz  1 and  2,  and  Heos  B had 
a circumterrestrial  orbit;  Pioneer  9 was  located  alsout  47°E  of  the  Sun-Earth  line. 

Very  important  additional  information  about  the  propagation  of  shock  waves  was 
obtained  from  interplanetary  scintillations  of  discrete  radio  sources  (Rickett, 

1975;  Natanabe  et  al.,  1973).  In  addition  the  transition  of  the  shock  wave  at  a 
heliocentric  distance  of  0.993  AU  and  56.7°w  of  the  Earth  was  identified  on 
August  3 and  8 from  the  sudden  brightening  of  the  comet  P/Glacoblnl-Zinner 
(Dryer  et  al.,  1975;  D'Uston,  1975  ). 
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Tabl*  1 contains  auma  li«ix>rtant  data  on  tha  solar  flaras  which  vary  probably 
causas  Intarplanatary  shock  waves  (Dryer  at  al.,  1975).  This  table  also  gives 
Infomatlon  on  the  velocity  of  pro(iavjatlon  of  the  f lare-ganaratad  a)iock  waves. 

Using  these  data  we  determine  the  angular  distribution  of  the  mean  velocities 
of  shock  waves  (Shock  I-IV)  in  relation  to  the  heliocentric  longitude  of  the  asso- 
ciated flares  from  observations  made  close  to  the  Earth,  as  wall  as  from  those  made 
by  Pioneer  9.  rigure  1 shows i 

(i)  the  dependence  of  the  mean  velocity  Vg_^  of  the  shock  waves  between  the  Sun 
and  the  Earth  on  the  heliographic  longitudes  of  the  corresiKinding  associated  flares 
(Illustrated  by  the  solid  curve) , 

(li)  tt>e  dependence  of  t)te  mean  velocity  also  on  the  helioi-entrlc  longi- 

tude of  the  flaras  (illustrated  by  tlie  dot ‘-dashed  curve),  and 


Figure  1.  Solar  Longitvida  Dependence  of  the  Interplanetary  and  Coronal  Snock  Vel- 
ocities nsitted  by  Solar  Flares  Between  August  3 and  11,  1972.  (daahed  curve) 

and  Vg_n  (illustrated  by  the  curve  cisntv>sed  of  seguences  of  three' dots  and  three 
dashes)  are  tl>e  local  velocities  of  the  shock  waves,  recorded  by  Pioneer  9 and  close 
to  the  Earth  by  Prognos  1 anil  3,  Heos  B,  anil  Explorer  41.  (illustrated  by  the 

dot‘-dashad  curve)  and  (illustrated  by  the  solid  curvel'ata  ttie  mean  velocities 

of  the  pro|iagation  of  shock  waves  lietween  the  Sun  and  Pioneer  and  t)ia  Earth,  res- 
pectively. ^s-P9  velocity  of  the  wave  between  the  Sun  and  the  Earth 

normalised  to  1 AU,  and  finally,  Vo  represents  the  velocity  of  the  coronal  shock 
wave  at  tlie  distance  from  the  Sun  at  which  the  wave  begins  to  decelerate. 
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(Ill)  the  dependence  of  the  local  radial  velocity  Vg.g  (Illustrated  by  the 
curve  composed  of  sequences  of  three  dots  and  three  dashes)  and  Vg.p9  (Illustrated 
by  the  dashed  curve)  of  the  8hoc)(  waves  on  the  heliocentric  longitude  of  the  as- 
sociated flares. 

The  local  velocities  Vg.pg  were  computed  by  Dryer  et  al . (1976)  from  the  plasma 
parameters  measured  by  Pioneer  9.  In  order  to  compare  the  mean  velocities  of  shock 
waves,  measured  at  the  heliocentric  distance  of  the  Earth,  with  the  mean  velocities, 
measured  at  a heliocentric  distance  of  0.77  kU,  where  pioneer  9 was  located,  we 
normalized  the  mean  velocities  V^.p^  to  1 AU  assuming  linear  deceleration,  which 
represents  a first  approximation.  The  dependence  of  the  normalized  mean  velocity 
Vg_p9  of  the  shock  waves  on  the  heliographic  longitude  can  also  be  seen  in  Figure  1 
(dotted  curve)  . For  the  puri<oae  of  other  analyses  we  have  illustrated  the  angular 
distribution  of  the  radial  velocities  of  flare-associated  coronal  shock  waves  in 
Figure  1,  l.e.  the  Initial  velocities  Vq,  from  which  the  deceleration  of  the 
interplanetary  shock  wave  begins  (Pinter  and  Dryer,  1977) . In  some  cases  Vq  is 
identical  with  V_,  i.e,  the  velocity  of  the  coronal  shock  wave  is  determined  from 
the  frequency  drift  of  a ty|>e  11  radio  burst.  For  the  sake  of  completeness  we  have 
also  Included  in  Figure  1 the  velocity  of  the  coronal  shock  wave,  determined  from 
the  frequency  drift  of  a flare  which  occurred  at  the  west  limb  at  1230  UT  on 
August  11,  1975,  but  did  not  produce  an  interplanetary  shock  wave. 

As  indicated  by  Figure  1,  the  mean  velocity  of  a flare-generated  shock  varies 
with  the  heliographic  longitude  of  its  source,  as  well  as  with  the  heliographic 
longitude  of  the  {x>int  at  which  it  is  observed.  If  we  were  to  assume  that  the 
curves,  shown  in  Figure  1,  express  the  mean  angular  characteristics  of  the  proi'a- 
gation  of  shock  waves,  the  above  would  mean  that  the  shix^k  waves  do  not  always 
propagate  spherically,  or  symmetrically  relative  to  the  flare  meridian.  This 
result  suggests  that  the  velocity  of  the  shock  wave  induced  by  a flare  varies  with 
the  direction  of  pro{>agation.  This  anisotropic  propagation  of  interplanetary  shock 
waves  was  pointed  out  in  the  pa(<ers  of  Hlrshberg  (1968)  and  Sakurai  (1974)  . 

It  should  be  noted  that  the  result  shown  in  the  figure  is  peculiar  and  that  it 
requires  further  research.  Me  do  not  yet  know  how  to  determine  the  mechanism  which 
controls  the  propagation  (vrttern  of  shock  waves.  This  mechanism  may  be  associated 
with  some  of  the  characteristics  of  the  flare  source  of  shock  waves  itself,  or  with 
the  conditions  of  proivigatlon  in  interplanetary  si'ace. 

Figure  1 also  indicates  quite  good  agreement  between  the  shape  of  the  curve, 
representing  the  angular  distribution  of  the  initial  velocity  of  shock  waves  and 
the  shai^e  of  the  curves,  representing  the  angular  distributions  of  the  velocities 
V__g,  Vg_g,  and  Vo.pg.  It  is  interesting  that  the  shape  of  the  curve,  representing 
the  angular  distribution  of  the  local  velocity  Vg.p9  of  the  shock  waves  observed  by 
Pioneer  9,  does  not  agree  with  the  shape  of  the  curve  of  the  mean  velocities 
Vg.pg,  but  with  the  curves  representing  the  angular  distributions  of  the  velocities 
Vg-g,  Vg.g,  and  Vq.  On  the  whole  it  may  be  concluded  that  the  velocities  of  the 
coronal  shock  waves,  as  well  as  the  mean  and  local  velocities  of  the  interplanetary 
shock  waves  are  evidence  for  colllmation  of  the  plasma  ejection  from  the  flare 
region  outward  into  interplanetary  s{v»ce  (Hakura,  1975) . It  was  found  that  the 
smaller  the  difference  in  heliographic  longitude  between  the  associated  flare  and 
the  point  at  which  the  shock  wave  is  observed,  the  more  likely  the  tendency  for  the 
velocity  to  be  relatively  larger.  The  velocity  of  the  shock  waves  la  highest  close 
to  the  plane  of  the  meridian  which  crosses  the  appropriate  flare  region.  In  the 
events  being  studied,  the  flare  observed  at  9*K  on  August  4,  1972  at  0621  DT  had  the 
SBiallast  relative  distance  between  the  longitvide  of  the  flare  and  the  central  merid- 
ian of  the  solar  disk  as  observed  from  the  Earth,  and  the  interplanetary  shock  wave 
associated  with  it  had  the  highest  mean  velocity  ^g.g  ~ 2864  km/sec,  measured  close 
to  the  Earth.  An  exception  to  the  general  case  may  be  illustrated  by  measurements 
from  Pioneer  9.  The  largest  mean  velocity  Vg.pg  ■ 2120  km/sec  was  recorded  for  the 
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■hock  wave  which  was  associated  with  the  flare  of  August  2 at  1959  UT,  observed 
17*n  of  the  Sun-Pioneer  9 line,  and  not  the  shock  wave  generated  by  the  flare  on 
August  2,  1972  at  0316  UT,  located  12®W  of  pioneer,  or  only  5*  closer  to  Pioneer  9. 
The  deviation  fron  the  assumed  "regularity”  could,  in  this  case,  have  been  caused 
by  a deformation  of  the  wave  with  Inhomogeneltles  in  the  solar  wind  at  the  time  of 
propagation,  and  it  is  also  a fact  that  the  said  shock  waves  were  observed  by 
Pioneer  9 in  rapid  sequence  (0440  UT  and  1117  UT  on  August  2,  1972),  so  that  they 
could  have  influenced  one  another. 


2.2  Spatial  Distribution  of  Shock  IV 


Of  the  series  of  flare-generated  interplanetary  shock  waves,  which  followed  in 
sequence  in  August  of  1972,  given  in  Table  1,  we  investigated  in  greater  detail  the 
spatial  distribution  of  the  propagation  velocities  for  shock  IV.  This  shock  wave 
was  emitted  by  a flare  which  occurred  at  1505  OT  on  August  7,  1972  at  14 "n,  38 *N 
and  was  accompanied  by  a combined  type  II/IV  radio  burst.  A large  amount  of  data 
was  obtained  on  this  shock  wave  from  which  information  on  its  propagation  at  various 
heliocentric  longitudes  could  be  derived  (Pinter  and  Dryer,  1977).  Only  such  obser- 
vations of  Interplanetary  shock  waves  at  various  heliocentric  longitudes  are  capable 
of  providing  an  accurate  picture  of  their  propagation  properties  and  shape  of  the 
shock  surface. 

Dryer  et  al.  (1975)  determined  the  trajectories  and  deceleration  character- 
istics of  this  shock  wave,  which  were  further  refined  by  Pinter  and  Dryer  (1977). 
Figure  2,  which  shows  the  mean  velocities  of  the  shock  wave  as  a function  of  helio- 


Flqure  2.  Average  Velocity  of  Shock  IV  as  a Function  of  Heliocentric  Radius.  The 
two  solid  curves  are  estimates  for  the  asymmetrical  shock  velocity  at  two  longitudes 
east  of  the  flare's  central  meridian  (Plnt£r  and  Dryer,  1977). 
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Table  2.  Mean  Velocities  and  Hozsallzed  Mean  Velocities  at  1 AU  for  Shock  IV  (August  1972} 
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cantrlc  distanca,  gives  the  more  accurate  trajectory  of  shock  IV.  The  two  solid 
curves  are  estinates  for  the  asymetrical  shock  velocity  at  two  longitudes,  3B* 
and  85*E  of  the  flare's  central  meridian.  This  figure  proves  the  fact  that  the 
shock  wave  propagates  anisotropically  in  interplanetary  apace,  i.e.  the  velocity 
of  propagation  of  the  shock  is  a function  of  the  heliocentric  longitude. 

Table  2 gives  a summary  of  the  mean  velocities  and  normalised  mean  velocities 
at  1 AU  for  shock  IV,  determined  from  spacecraft  observations,  IPS  observations, 
both  near  and  out  of  the  ecliptic  plane,  as  well  as  the  mean  velocity  determined 
from  observations  of  the  periodic  Giacobinl-Zlnner  comet.  The  normalising  of  the 
mean  velocities  to  1 AU  was  carried  out  by  using  the  simple  relation 


'(average  at  1 AU) 


'(average  R^) 


which  represents  a first  approximation.  By  using  the  values  in  Table  2 we  examined 
the  normalised  mean  velocities  of  Interplanetary  shock  waves  as  a function  of  the 
direction  of  their  propagation,  i.e.  as  a function  of  the  heliocentric  longitude  of 
the  point  of  observation.  The  angular  distribution  of  the  shock  wave  velocities 
are  in  Figure  3a,  which  also  characterises  the  contours  of  the  shock  front. 
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Figure  3.  Part  ai  Configuration  of  the  Interplanetary  Shock  Wave  (Shock  IV)  of 
August  8-9,  Derived  from  the  Mean  Velocity  of  Propagation  at  Various  Heliocentric 
Longitudes  and  Distances.  The  velocities  of  the  shocks  were  normalised  to  1 AU. 

The  line  of  sight  to  each  of  the  radio  sources  3C  161,  3C  144,  3C  48,  3C  298,  and 
3C  273  is  indicated  in  projection  onto  the  plane  of  the  ecliptic.  The  positions  of 
Pioneer  9 and  the  Earth  are  also  shown.  Part  bi  configuration  of  the  shock  wave 
outside  the  plane  of  the  ecliptic,  determined  from  IPS  observations. 
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Figure  }•  shows  that  this  interplanetary  shock  wave  expanded  non-apherically 
on  a broad  front  and  asyanatrically  relative  to  the  plane  of  the  sMridian  which 
crosses  the  "associated  flare".  Of  course,  we  are  able  to  speak  of  a quasi- 
spherical  aynsMtry,  if  the  effective  center  of  generation  of  the  blast  wave  is 
shifted  to  a distance  of  about  0.4  AU  and  1S*W  of  the  central  Meridian.  This 
result  would  be  in  accordance  with  the  findings  of  Taylor  (1969)  and  Bavassano 
at  al.,  (1973).  One  can  explain  this  shift  of  the  canter  of  guasi-spharicity  to 

0. 4  AU  by  the  fact  that,  after  the  flare  explosion,  the  ascending  wave,  directed 
into  interplanetary  apace,  has  the  nature  of  a piston-driven  shock  out  to  0.4  AU, 
which  may  decelerate,  or  accelerate,  and  if  so,  it  will  dacalarata  quasi-spherically 
as  a blast-like  shock  (Dryer  at  al.,  197S) . It  should  be  pointed  out  that  this 
example  is  not  typical,  as  we  shall  see  below,  for  the  promulgation  of  shock  waves 

in  interplanetary  space , 

Very  little  information  is  known  on  the  velocity  of  propagation  of  shock  waves 
outside  the  plane  of  the  ecliptic.  A first  attemm't  to  this  effect  was  made  by 
Natanabe  (1975)  in  connection  with  shock  IV,  the  result  of  which  we  shall  specify 
below.  Figure  3b  shows  the  angular  distribution  of  the  mean  velocity  of  shock  IV 
determined  from  IPS  observations.  The  velocities  are  also  normalixad  to  1 AU. 

Only  radio  sources  3C  147,  3C  144,  and  3C  161  were  uaedi  the  mean  velocities  of  the 
shock  waves,  determined  frem  them,  were  close  to  the  flare  normal.  The  meridional 
cross-section  shows  the  anisotropic  distribution  of  the  velocity  outside  the  ecliptic 
plane,  the  largest  velocity  being  observed  in  the  direction  of  the  flare  normal, 

1. e,  the  velocity  decreases  with  increasing  angular  distance  from  the  heliocentric 
latitude  of  the  flare.  Whether  this  fact  is  a general  i>roiierty  of  the  velocity 

of  propagation  of  shock  waves  outside  the  plane  of  the  ecliptic,  will  have  to  be 
examined  on  further  events.  The  latitude  anisotrorniy  of  the  distribution  of  the 
mean  velocity  of  propagation  of  this  shock  wave,  mentioned  above,  could  have  dis- 
torted the  contours  of  the  (iropagation  of  the  shock  wave  in  the  filane  of  the 
ecliptic  (see  Figure  3a) . 


3.  (’.HARACTKRISTICS  OK  Till.  ANfUK.AR  ^)ISTRIIUTIO^  OK  Till. 
MK.AN  PR0P.\(;AT10N  VKI.OC.ITY  OK  SIHH’.K  WAVK.s 


Thanks  to  smiacecraft  Pioneer,  Mariner,  and  Venera  we  are  now  able  to  examine 
the  distribution  of  the  velocity  of  prom>agation  of  intermilanetary  shock  waves  at 
various  heliocentric  longitudes.  In  this  section,  drawing  on  the  individual  events, 
we  axanlne  the  spatial  characteristics  of  t>roi>aqat ion  of  flare-generated  shock  waves 
at  1 AU  in  the  plane  of  the  ecliptic. 


3.i  Kvenl  of  July  10-11,  l%(> 

The  shock  wave  caused  sudden  changes  of  the  (parameters  of  the  solar  wind 
plasma  at  1542  UT  on  July  11,  1966)  these  were  recorded  by  Explorer  33  (Igtsarus 
and  Binsack,  1969) . At  the  same  time  an  SSC  was  recorded  in  the  geomagnetic  field 
The  sudden  changes  of  the  plasma  parameters  and  of  the  magnetic  field  at  the  time 
of  the  passage  of  the  shock  wave  were  also  recorded  by  the  Pioneer  6 space  (probe. 
At  the  time  of  the  passage  at  1800  UT  on  .July  10,  1966,  Pioneer  6 was  located  at  a 
heliocentric  distance  of  0.84  AU,  heliocentric  longitude  45*W  of  the  Earth.  The 
source  of  this  shock  wave  was  a flare  of  lmr>ortance  2B,  which  occurred  at  0306  UT 
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Figure  4.  Estimated  Angular  Distribution  of  the  Interplanetary 
Shock  Wave  Deduced  from  Multiple  Spacecraft  Observations.  The 
shock  wave  was  associated  with  the  flare  of  July  9,  1966. 


on  July  9,  1966  at  35'N,  75°W  (PintSr,  1975) 
a type  II/IV  radio  burst. 


The  flare  was  also  accompanied  by 


This  flare-generated  interplanetary  shock  wave  has  already  been  analysed 
earlier  in  some  papers  (Ness  and  Taylor,  1969;  Rao  et  al.,  1969,  Lararus  and 
Binsack,  1969) , It  is  being  mentioned  here  because  the  authors  apparently  incor- 
rectly associated  the  shock  wave,  recorded  by  Pioneer  6 at  1822  UT  on  July  10,  1966 
with  the  proton  flare  of  July  7,  1966  beginning  at  0025  UT.  This  would  mean  that 
the  transit  time  of  this  flare  to  Pioneer  6 vrould  have  been  90  hours  (Ness  and 
Taylor,  1969).  As  can  be  seen  in  Figure  4,  Pioneer  6 was  located  only  30°E  of  the 
flare  normal,  and  it  is  very  probable  that  the  shock  wave,  generated  by  the  flare 
of  July  9 first  passed  the  closer  detector  (0.8  AU)  at  the  time  of  its  quasi- 
spherical  propagation  and  then  reached  the  Earth's  orbit.  The  mean  velocity  of  the 
shock  wave  near  the  Earth  (i.e.  at  1 AU)  is  700  )an/sec,  and  the  normalized  velocity 
of  the  shock  wave  passing  Pioneer  6 at  1 AU  is  743  km/sec.  One  can  see  that 
quasi-isotropic  propagation  of  the  shock  wave  is  involved,  with  a certain  tendency 
to  increasing  the  velocity  towards  the  heliocentric  longitude  of  the  flare  normal. 


.1.2  F.vrnI  of  Febniar)  ISI6,  196' 


With  this  event  the  shock  wave  was  observed  at  2352  UT  on  February  15  by 
Explorer  33  close  to  the  Earth  (Hirshberg  et  al . , 1970)  and  later  by  Pioneer  7 at 
1848  UT  on  February  16  (I,epping  and  Chao,  1976)  . Pioneer  7 was  at  a heliocentric 
distance  of  1,13  AU  and  23*E  of  the  Sun-Earth  line.  The  passage  of  the  shock  wave 
around  Pioneer  6,  which  was  at  a heliocentric  distance  of  0.84  AU  and  62*W  of  the 
Earth,  was  not  observed  directly  because  of  a gap  in  the  data.  However,  on  the 
resumption  of  data  acquisition  at  1216  UT  on  February  15,  a typical  post-shock 
level  of  plasma  and  interplanetary  magnetic  field  was  observed,  Lepping  and  Chao 
(1976)  assumed  that  the  shock  wave  passed  Pioneer  6 just  before  the  data  acquisition 


FEBRUARY  IS  16.  1967 


Figure  5.  Estimated  Angular  Distribution  of  the  Interplanetary 
Shock  Wave  at  1 AD  for  February  15-16,  1976.  The  shock  wave  was 
associated  with  the  flare  of  February  13,  1976.  The  curve  rep- 
resents the  positions  of  Pioneers  6 and  7 and  Explorer  33  in  the 
plane  of  the  ecliptic  during  the  passage  of  the  flare-associated- 
shock. 


was  resumed  at  1216  UT.  The  shock  wave  was  associated  with  the  3B  flare  observed 
at  1745  UT  on  February  13,  located  at  heliographic  21°N  and  lo'w.  The  flare  was 
accompanied  by  a strong  combined  type  II/IV  radio  burst.  Lepping  and  Chao  (1976) 
determined  the  ecliptical  plane  geometry  of  the  shock  surface  near  1 AU.  In 
Figure  5 the  dot-dashed  curve  represents  approximately  the  large  scale  interplane- 
tary shock  surface  geometry,  as  determined  by  Lepping  and  Chao  (1976),  as  it 
intersects  the  ecliptic  plane.  These  authors  determined  the  shape  of  the  shock 
surface  from  the  velocity  of  propagation  of  the  shock  waves  in  the  direction  of  the 
individual  cosmic  objects.  Their  results  indicate  a spherical  asymmetric  shock, 
i.e.  anisotropic  propagation  of  the  shock  wave.  Burlaga  and  Scudder  (1975)  men- 
tioned that  the  event  of  February  15-16  is  an  example  of  a flare-associated  driven 
shock,  whose  surface  was  distorted  as  the  result  of  interacting  witli  a co-rotating 
stream  that  happened  to  be  passing  near  by. 

He  carried  out  a re-interpretation  of  the  propagation  of  this  flare-generated 
shock  wave  and  drew  a conclusion  different  to  that  of  Lepping  and  Chao  (1976)  and 
Burlaga  and  Scudder  (1975) . In  Figure  5 the  solid  curve  represents  the  large-scale 
gecmetry  of  the  shock-wave  surface,  determined  from  the  velocity  of  propagation  to 
the  individual  objects.  The  average  velocities  of  propagation,  determined  with  the 
help  of  Pioneers  6 and  7,  were  normalized  to  1 AU.  It  can  be  seen  that  the  shock 
wave  indeed  propagates  anisotropically , but  the  geometry  of  the  shock  surface  is 
not  as  distorted  as  indicated  by  the  authors  mentioned  above.  Instead  the  inter- 
planetary shock  wave  has  a behavior  typical  in  the  sense  that  it  attains  maximum 
velocity  in  the  direction  of  the  flare  normal.  He  are  of  the  opinion  that  in  this 
case  the  shock-stream  Interaction,  mentioned  by  Burlaga  and  Scudder  (1975)  did  not 
affect  the  prcpagation  characteristics  of  the  shock  wave. 
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3.3  Shock  of  May  6-7,  1968 


In  the  interval  between  May  5 and  May  8,  1968,  three  spacecraft,  t.e.  Pioneers 
6,  7,  and  8,  were  capable  of  recording  the  passage  of  the  Interplanetary  shock  wave. 
At  2123  UT  on  May  3,  1968  a solar  flare  was  observed  at  19®N,  50*E,  inportance  lb. 
The  flare  generated  a coronal  shock  wave  as  indicated  by  the  observations  of  a 
type  II  radio  burst.  The  shock  wave  escaped  from  the  corona  into  interplanetary 
space  where  it  crossed  pioneers  7 and  8,  and  the  Earth,  all  at  a distance  of  roughly 
1 AU. 


Figure  6a  shows  the  shape  of  the  surface  of  the  flare-generated  shock  wave, 
determined  from  the  mean  velocities  of  the  shock  as  observed  at  various  helio- 
centric longitudes  in  the  plane  of  the  ecliptic.  The  figure  shows  at  first  glance 
the  strong  asymnetric  angular  distribution  of  the  propagation  velocity  of  the  shock 
wave  with  a maximum  velocity  around  the  plane  of  the  flare  normal.  Pioneer  6 was 
located  139°M  of  the  flare  normal,  and  did  not  record  the  passage  of  this  shock 
which  is  indicative  of  non-spherical  propagation. 

Further  evidence  of  the  anisotropic  propagation  of  the  shock  was  provided  by 
Landt  (1974)  who  determined  the  geometry  of  the  dense  plasma  cloud  from  the  values 
of  the  propagation  of  a radio  signal  between  the  Earth  and  pioneer  8 and  from 
comparison  of  these  values  with  the  observations  of  the  plasma  parameters  made  by 
Pioneer  8.  This  type  of  experiment  with  propagation  of  radio  waves  allows  one  to 
determine  the  electron  content  between  the  Earth  and  a distant  space  probe. 


MAY  6-7.  1968 


Figure  6.  Part  a:  Estimated  Angular  Distribution  of  the  Interplanetary  shock  Wave 
of  May  6-7,  1968  at  1 AO.  The  shock  wave  was  associated  with  a flare  observed  on 
May  3,  1968.  Part  bs  Possible  shape  of  the  plasma  cloud  (Landt,  1974).  Pioneer  8 
was  24  X 10®  )o«  away  from  the  Earth  and  the  Sun  was  151  x 10®  Km  from  the  Earth  in 
the  direction  indicated. 
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Landt  (1974)  mentioned  that  the  shock  wave  and  the  cloud,  propa9atln9  behind  it, 
were  intersected  by  the  radio  signal  before  the  shock  was  observed  at  the  Earth; 
this  is  again  indicative  of  the  anisotropy  of  the  propagation  velocity  of  the 
shock.  Figure  6b  shows  a sketch  of  the  shape  of  the  shock  wave,  determined 
according  to  Landt  (1974),  in  the  region  between  the  Earth  and  Pioneer  8.  In 
determining  the  shape  of  the  disturbance,  Landt  (1974)  assumed  symetry  around  a 
line  extending  radially  from  the  Sun,  and  the  contours  were  constructed  concavely 
away  from  the  Sun.  If  we  compare  the  contours  of  the  disturbance  close  to  the  Earth, 
shown  in  Figure  6 (part  a and  b)  we  can  see  that  the  shape  we  determined,  as  far  as 
the  central  line  of  symmetry,  agrees  with  Landt 's.  While  the  central  sysmetry  shown 
in  Figure  6b  is  incorrect,  it  does  express  the  local  nature  of  the  disturbance. 


3.4  Shock  of  March  23-24,  1969 


Another  example  of  the  anisotropic  propagation  of  a flare-generated  shock  wave 
at  various  heliocentric  longitudes  is  shown  in  Figure  7.  The  largest  mean  velocity 
of  672  km/sec  (at  1 AU)  was  determined  from  the  passage  of  the  shock  wave  around 
Pioneer  8,  which  was  at  23*E  heliocentric  of  the  Earth,  i.e.  at  a longitude  very 
close  to  that  of  the  flare  which  generated  the  shock  wave.  The  smallest  mean  vel- 
ocity of  518  km/sec  was  determined  from  the  observations  of  Pioneer  9 which  was 
located  42*W  of  the  flare  normal  (Lockwood  and  Webber,  1975) . Assuming  a symmetric 
wave  relative  to  the  flare  normal,  the  shape  of  the  shock  wave  at  1 AU,  determined 
from  the  angular  dlstritxition  of  the  propagation  velocity,  is  shown  in  Figure  7. 


MARCH  23  - 24, 1969 


Figure  7 . Velocity  Distribution  of  the  Interplanetary  Shock  Wave  Observed  on  March 
23-24,  1969.  The  shock  was  associated  with  a flare  on  March  21,  1969. 
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This  interplanetary  ahock  wave  was  associated  with  a flare  observed  at  0139  UT 
on  March  21  at  20*Ni  17*E,  inportance  2B.  The  flare  was  accompanied  by  a radio 
burst  of  type  II/IV  (Plnt<r,  1975) . 


3.5  Shock  of  April  1213,  1969 


The  most  representative  example  of  the  anisotropic  angular  distribution  of  the 
velocity  of  the  propagation  of  flare  generated  interplanetary  shock  waves  is  shown 
in  Figure  8.  As  can  bo  seen  the  angular  distribution  of  the  velocity  of  the  pro- 
pagation of  the  flare-generated  shock  wave  could  be  observed  with  the  aid  of  space- 
craft, located  at  various  heliocentric  longitudes  over  a range  of  180*  (Vernov 
at  al.,  1971)  Lasarus  ot  al.,  1973)  Bukata  et  al . , 1971).  This  is  one  of  the  few 
cases  for  which  the  passage  of  the  same  shock  wave  was  recorded  at  six  different 
positions  in  space.  In  Figure  8 the  locations  of  Pioneers  6,  7,  8,  and  9,  Venera  6, 
and  the  Earth  (orbited  by  Explorer  33  and  Vela  3 and  4)  are  marked  with  circles. 

The  continuous  curve  in  the  figure  represents  the  shock-wave  front,  determined  from 
the  mean  velocities  of  wave  propagation  from  the  Sun  to  1 AU. 

The  most  probable  solar  source  of  this  interplanetary  shock  wave  was  the  flare 
which  occurred  just  t>eyond  the  eastern  limb  of  the  solar  disk  (07'N,  >90*E)  on 
April  10,  1969  in  NcNath  region  10035.  The  first  indication  of  this  beyond-the-llmb 


Figure  8.  Estimated  Angular  Distribution  of  the  Mean  Velocity  (Normalised  to  1 AU) 
of  the  Shock  Nave  Observed  on  April  12-13,  1969  with  Respect  to  the  Position  of  the 
Associated  Flare,  Obsejrved  on  April  10,  1969.  This  figure  indicates  a very  good 
example  of  anisotropic  propagation  of  a shock  in  interplanetary  space.  The  highest 
velocity  (1100  )on/sec)  can  l3e  observed  in  the  meridional  plane  crossing  the  flare. 
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flare  was  observed  at  0340  UT  in  the  form  of  a surge . The  very  bright  ascending 
surge  occurred  at  0355  UT  and  its  rate  of  ascent  amounted  to  190  km/sec.  A 
type  II  burst  was  recorded  at  the  Culgoora  Observatory,  Australia,  between  0356 
^md  0422  UT  in  the  metre  and  decametre  ranges.  Figure  8 allows  us  to  draw  a 
brief  conclusion  about  the  nature  of  the  propagation  of  this  shock  wave:  The  mean 
velocity  of  propagation  of  the  shock  wave,  emitted  by  the  flare,  varies  with  the 
direction  of  propagation.  The  largest  velocity  is  in  the  direction  of  the  flare 
normal,  and  the  mean  velocity  decreases  with  increasing  angular  distance  from  the 
flare.  This  is  indicative  of  an  anisotropic  angular  distribution  of  the  mean 
velocity  of  propagation  of  the  interplanetary  shock  wave . 


3.6  Other  Examples 


We  could  go  on  to  analyse  in  detail  a number  of  other  examples  characterizing 
the  anisotropic  angular  velocity  distribution  of  the  propagation  of  flare-generated 
interplanetary  shocks.  It  was  found  that  the  regularities,  determined  with  the 
studied  examples,  are  generally  quite  valid  as  demonstrated  by  the  examples  given 
in  Figure  9 and  Figure  10.  Figure  10  shows  the  angular  distribution  of  the  velocity 
of  the  propagation  of  a shock  wave  which  was  generated  by  a strong  proton  flare, 
observed  on  November  18,  1968  at  the  western  limb  of  the  Sun.  The  shock  wave 
reached  1 AU  at  0902  UT  on  November  20  and  was  recorded  by  the  000-5  satellite. 

At  that  time  Pioneer  9 was  approximately  8.5  million  km  east  of  the  Earth,  also 
at  1 AU  heliocentric,  and  the  shock  wave  passed  it  at  0929.30  UT  (Scarf  et  al . , 

1972) . The  passage  of  the  shock  wave  was  also  recorded  by  Pioneer  8 at  2015  UT 
on  November  20.  Pioneer  8 was  located  at  1 AU,  149.7  x 10^  km  from  the  Sun, 

22.3°E  of  the  Earth,  i.e.  112. 3°E  of  the  flare  normal  (Bav.xssano  et  al . , 1973). 

The  mean  velocity  of  the  shock  wave  out  to  OGO-5  and  Pioneer  9 amounted  to  879 
and  872  km/sec,  respectively,  whereas  the  velocity  had  already  dropped  to 
720  km/sec  when  the  shock  reached  Pioneer  8.  Apparently,  the  velocity  would  have 
continued  to  decrease  further  east  of  Pioneer  8 . The  velocity  toward  the  flare 
normal,  i.e.  toward  the  western  limb  of  the  sun  would  have  increased,  or  would 
have  remained  nearly  constant;  however,  no  relevant  observations  are  available. 

We  shall  now  go  on  to  mention  briefly  the  events  which  displayed  an  isotropic 
or  quasi-isotropic  angular  distribution  of  the  mean  velocities  of  the  flare- 
generated interplanetary  shock  waves  in  the  range  of  the  heliocentric  longitudes 
being  investigated.  Figure  11  shows  the  mean  velocities  of  the  propagation  of 
shock  waves  (normalized  to  1 AU)  as  a function  of  heliocentric  longitudes  of 
the  positions  where  they  were  observed. 

In  Figure  11a  we  can  observe  the  isotropic  propagation  of  the  shock  wave 
as  far  as  116®W  of  the  flare  normal  (Coffey  and  Lincoln,  1972)  . There  were  no 
observations  close  to  the  flare  normal  for  this  event  of  January  26-27,  1971; 
however,  with  the  event  of  September  9,  1973  (Figure  lib) , pioneer  9 recorded 
the  passage  of  the  shock  only  5°W  of  the  flare  normal  direction  (Gosling  et  al., 
1975) . Figure  11b  indicates  that  the  shock-wave  velocity  close  to  the  flare  normal 
does  not  have  a tendency  to  increase.  This  shock  wave  was  generated  by  a flare, 
observed  at  1220  UT  on  September  7,  and  was  associated  with  a type  II  radio 
burst.  These  type  of  measurements  tend  to  confirm  the  existence  of  isotropically 
propagating  flare-generated  interplanetary  shock  waves  over  a wide  range  of 
about  100*.  It  is  possible  that  the  isotropic  propagation  of  shock  waves  in  the 
Interplanetary  medium  is  determined  by  the  g‘-.eration  conditions  on  the  Sun. 
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Figure  9.  pictorial  Representation  of  the  Velocity  of  Shock  Waves  as  a Function 
of  the  Direction  of  their  Propagation  for  the  Events  on  September  30,  1968  (shown 
in  Part  a)  and  October  29,  1968  (shown  in  Part  b) . These  mean  velocities  also 
indicate  the  gross  features  of  the  shape  of  the  shock  wave  near  1 AU. 


NOVEMBER  20  1968 


FLARE  normal 


PIONEER  8 


DEARTH 

lOSO-51 


'KDNEER 


Figure  10.  Angular  Distribution  of  the  Mean  Velocity  of  Propagation  of  the  Shock 
Wave  Caused  by  the  Flare  of  November  18,  1968  at  the  Western  Limb  of  the  Solar  Disk 
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JANUARY  26-27  1971 


riqur«  ll.  Tho  Mnan  Vdlocitloa  of  th*  Propaqation  of  tho  Shock  Wavo#  Obaarvoil  on 
January  26-27,  1971  (ahown  in  Part  a)  and  on  Soptorabor  9,  1973  (shown  in  Part  b) . 
rha  staan  valoclties  havci  boon  nomtaliatHl  to  1 AU.  Tha  figura  indicataa  that  tha 
diatribution  of  tha  propaqation  vnlocitian  was  isotropic  in  both  caaaa. 


4.  DISCUSSION  OK  KKSULTS 


There  are  a whole  aeries  of  topers  dealing  with  the  theoretical  and  numerical 
propagation  of  flare-generated  interplanetary  shock  waves  (Hundhauaen  and  Gentry, 
1969)  DeYoung  and  Hundhauaen,  1971)  Kri)nskij  and  Transkij,  1973)  Dryer,  1974). 
However,  there  are  few  papers  containing  experi)nental  evidence  of  the  propagation 
of  shock  wav.'s  which  either  verify  or  disprove  the  major  assumptions  contained  in 
the  theoretical  and  numerical  papers. 

The  purpose  of  this  paper  was  to  study  the  angular  distribution  of  the  mean 
velocity  of  the  propagation  of  flare-generated  interplanetary  shock  waves  using 
multiple  spacecraft  observations.  This  research  will  provide  the  possibility 
of  determining  the  real  characteristics  of  the  pro|Migation  of  shock  waves  in 
interplanetary  space,  and  also  yield  information  on  the  shape  of  the  shock  front 
in  the  plane  of  the  ecliptic  close  to  1 All. 


4.1  Cliarartrrislu's  of  the  Pro|Mgation  of  KIsie-Ceiierstml  Sh<M'k  Waves 


We  shall  now  summarize  the  characteristics  of  the  propagation  of  flare- 
generated interplanetary  shock  waves  we  have  determined  or  adopted  from  earlier 
research) 

(i)  Flare-generated  interplanetary  shock  waves  in  most  cases  profvigate 
non-spherically , but  there  are  also  cases  in  which  spherical  or  guasi-spherical 
proivtgation  is  quite  evident. 

(ii)  Experimental  multiple  sjiacecraft  observations  enabled  the  angular 
distribution  of  the  mean  velocity  of  the.  shock  waves  to  be  determined  with  respect 
to  the  position  of  an  associated  flare.  The  mean  velocity  of  the  propagation  of' 
the  shock  wave,  emitted  by  a flare,  varies  with  the  direction  of  prof^agation. 

The  highest  mean  velocity  is  observed  in  the  direction  of  the  flare  normal  with 
the  mean  velocity  decreasing  witl<  increasing  angular  distance  (heliocentric 
longitude)  from  the  flare.  This  is  indicative  of  the  anisotropic  angular  dis- 
tribution of  the  mean  velocity  of  the  propagation  of  interplanetary  shock  waves 
in  the  plane  of  the  ecliptic  close  to  1 AU . 

(ill)  By  using  IPs  obseirvations  of  discrete  radio  sources,  in  one  case  we 
were  able  to  determine  the  angular  distriKition  of  the  mean  velocity  of  the  pro- 
(vigation  of  an  interplanetary  shock  wave  outside  the  plane  of  the  ecliptic. 
Anisotropic  angular  distrllHition  of  the  mean  velocity  of  the  pro{\igation  was 
observeti,  the  highest  velocity  lielng  observed  in  the  direction  of  the  flare 
normal,  l.o.  at  the  l)ellocentr Ic  latitude  of  the  flare,  with  the  velocity 
decreasing  in  other  directions. 

(iv)  The  results  Indicate  that  In  most  cases  the  shaiwi  of  the  interplanetary 
shock  wave  is  not  spherical,  but  symmetric  wltli  res|'ect  to  tlie  meridional  plane 
wliich  crosses  the  )K>8itlon  of  an  associated  flare, 

(v)  The  flare-generated  interplanetary  sluick  trajectories  indicate  a 
piston-driven  character  to  about  0. .3-0.6  All,  after  which  the  sliocks  decay  to 
blast-like  motions  (Dryer  et  al.,  1975)  Pinter  ami  Dryer,  1977).  Up  to  a helio- 
centric distance  of  0. 3-0.6  AU  t)ie  piston-driven  shock  waves  may  accelerate, 
decelerate,  or  retain  a constant  velocity,  but  In'^’ond  0.6  AU  the  hlast-llke  wave 
has  a decelerating  nature.  Tliese  pro|>ertles  of  shock  waves  can  l<e  expressml  in 
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plasma  physics,  as  well  as  in  astrophysics  by  means  of  the  well-known  par^uneter  0, 
defined  as 


e 


(2) 


where  R-  is  the  distance  of  the  shock  front  from  the  solar  flare  and  is  the  shock 
velocity.  Since  Rg  and  Kg  are  always  j'ositive,  the  aiqn  of  0 det’onda  on  the  time 
rate  of  change  of  the  shock  velocity  ^5^  - dRg/dt . Hence  for: 


(i) 

Deceleratinq  shock  wave 

0 

< 0 

(ii) 

Accelerating  shock  wave 

0 

i 0 

(iii) 

Constant  velocity  wave 

0 

- 0 

For  the  case  of  a constant  velocity  shock  front  Rg  • constant,  0 « 0,  the  motion 
is  isotropic. 


4.2  Tlieoretiral  Kxplaiiation  of  the  ('.hararteristies  Deteriniiiiii)’  the 
IVo|>a)calion  of  Sh»H-h  Waves 


We  shall  now  try  to  explain  th(>  determined  characteristics  of  the  pro(:agat  ion 
of  shock  waves.  The  flares,  generating  the  shock  waves,  mostly  originate  in  the 
solar  chromosphere  and  are  of  small  angular  dimension.  In  these  layers  of  the 
chromosphere  the  density  of  the  plasma  depends  strongly  on  the  heliocentric 
distance  {s.  r~*®)  and  the  intensity  of  the  magnetic  field  is  high:  we  may, 
therefore,  expect  the  disturbance  from  the  flare  explosion  to  be  sufficiently 
directional.  Moving  away  from  the  Sun  the  dependence  of  density  on  "r”  decreases 
considerably  and  the  disturbance  front  begins  to  develop.  The  deeper  the  layer  of 
the  solar  atmosphere  in  which  the  initial  explosion  la  generated,  the  more  anis- 
tropic  the  shock  wave  will  be.  This  would  the::  indicate  that  a flare,  generated 
high  in  the  corona,  so-called  coronal  flares,  would  ge:terate  shock  waves  that 
propagate  isotropically:  i.e.  spherically  symmetrical.  The  proivigation  may  also 
be  affected  by  a number  of  other  factors  in  the  solar  coro::a:  in  Interplanetary 
s|->acc  these  factors  may  determine  the  Isotropic  or  anisotropic  :iature  of  the  pro- 
pagation of  the  shock  wave.  If,  for  example,  the  flare  explosion  is  completely 
encomi>assed  by  a high  magnetic  field  region  as  on  August  4,  1972  (tlchlda,  1974), 
the  wavefront  emitted  into  Interplanetary  space  will  be  strongly  collimated.  Also 
the  existence  of  inhomogene  it  tea  in  interplanetary  sivtce  may  cause  the  proivagation 
of  the  shock  wave  to  be  strongly  .anisotropic.  The  occurrence  of  regions  with  In- 
creased density  will  hinder  the  profvigatlon  of  the  shock  wavd  and,  vice  versa,  a 
wave  will  propagate  "more  easily"  in  the  direction  of  the  "largest"  decrease  of 
density  of  the  medium  (Krimski)  and  Transklj,  1973). 

In  order  to  determine  if  a dlsturlwince  is  collimated  immediately  after  the 
flare  explosion,  we  statistically  investigated  t)ie  dependettce  of  tl>o  velocity 
of  the  disturlMince  on  helicx)rai'htc  longitude.  The  velocity  of  the  di3turl>ance  was 
determined  fr<w>  tlie  time  interval  l>etween  the  flare  explosion,  characterir.ed  by 
the  beginning  of  the  radio  burst  in  the  centimetre  rat:ge,  a::d  the  first  onset  of 
the  tyjw  II  radio  burst  at  a certain  frequency,  which  also  yielded  information  on 
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the  height  of  the  disturbance  above  the  chromosphere.  The  heavy  solid  curve  shown 
In  the  polar  diagram  of  Figure  12,  derived  from  a point  diagram  (150  events  were 
considered) , characterises  the  dependence  of  the  highest  disturbance  velocity  on 
heliocentric  longitude.  The  velocity  of  the  disturbances  Is  highest  30*E  and  W of 
the  central  meridian)  beyond  these  limits  the  velocity  decreases  towards  the  limb. 
Around  the  central  meridian  the  velocity  of  the  disturbances  also  decreases.  It 
should  be  pointed  out  that,  If  this  decrease  around  the  central  iierldlan  Is  realis- 
tic, It  remains  unexplained.  On  the  whole.  Figure  12  Indicates  the  expected  fact 
that  "the  flare  plasma  and  its  shock  wave  are  not  travelling  at  the  same  velocity 
In  all  directions  from  the  Sun". 


5.  DIRECTIONAL  DIAGRAMS  OF  THE  PROPAGATION  OK 
FLARE-GENERATED  SHOCK  WAVES 


As  indicated  by  the  experimental  results  In  this  paper  and  in  the  papers  of 
Dryer  et  al . (1975),  Pinter  and  Dryer  (1977)  and  also  In  the  theoretical  papers  of 
DeYoung  and  Hundhausen  (1971) , the  flare-generated  piston-driven  shock  waves  proceed 
out  to  a distance  of  0. 3-0.6  AU  (where  they  diffuse  into  the  ambient  plasma), 
l.e.  the  atre^un  of  ejected  matter  becomes  collimated  at  that  time  and  the  continuing 
shock  assumes  the  nature  of  a decelerating  blast  wave.  At  1 AU  the  blast  wave 
usually  has  a broad  front  and  is  symmetric  to  the  flare  normal.  In  these  cases  the 
effective  region  of  forming  of  the  shape  of  the  shock  wave  Is  located  at  a distance 
of  0. 3-0.6  AU  from  the  Sun  in  a plane  close  to  that  of  the  flare  normal. 

Another  alternative  of  the  propagation  of  shuck  waves  Is  also  feasible)  this 
assumes  that  the  region  where  the  characteristics  of  wave  propagation  are  formed  is 


Figure  12.  Polar  Diagram  Representing  the  Longitudinal  Dlstrllmt ion  of  the  Pro- 
I'>agatlon  Velocities  of  Coronal  Slux'k  Waves 
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directly  on  the  solar  surface.  The  propagation  velocity  of  such  a wave  In  the 
plane  of  the  ecliptic  will  then  depend  on  the  zenith  angle  of  the  point  where  It 
leaves  the  flare  region,  i.e.  under  radial  ejection  of  the  plasma  cloud  on  the 
hellographlc  longitude  of  the  flare. 

A polar  diagram  was  used  to  Investigate  the  directional,  or  angular  properties 
of  the  mean  velocity  of  the  propagation  of  flare-generated  shock  waves.  The  polar 
diagram  represents  a gecmetric  locus  of  the  multiple  coefficient  of  the  mean  vel- 
ocity of  the  shock  wave,  emitted  by  the  flare  In  various  directions. 

The  mean  velocity  front  of  the  flare-generated  wave  at  various 

angular  distances,  X,  with  respect  to  the  mean  velocity  in  the  direction 

of  the  flare  normal  can  be  determined  from  the  expression  “ tx 

where  Vcxmo")  axial  mean  velocity  of  the  shock  wave,  i.e.  in  the  direction 

of  the  flare  normal,  and  is  the  mean  velocity  at  heliocentric  distance,  X, 

from  the  axis  of  the  shock,  i.e.  from  che  flare  normal,  and  D is  the  angular 
coefficient. 

The  angular  coefficient  was  computed  for  two  cases: 

(A)  When  the  effective  region  of  forming  of  the  wave  is  at  the  solar  surface 
or  close  to  it,  i.e.  the  angular  coefficient  for  the  heliocentric  longitude  X-90“ 
from  the  flare  normal  is  equal  to  zero,  D(90°)  - Oi  and 

(B)  If  we  assume  that  the  effective  region  of  forming  of  the  wave  is  at  a 
distance  of  0. 3-0.6  AU,  i.e.  D(90')  ^ 0. 

We  computed  the  propagation  of  the  shock  waves  for  both  models,  A and  B,  in 
accordance  with  the  values  of  the  angular  coefficient,  D,  given  above. 

As  regards  Model  A we  used  the  following  expressions  for  computing  the  values 
of  the  angular  coefficient: 


Figure  13.  Polar  Diagram  of  the  Atuiular  Distrilxit ion  of  the  Velocities  of 
Propagation  of  Shock  Waves  in  the  Plane  of  the  Ecliptic  Assuming  that  the  Effective 
RfKjion  of  Generation  of  the  Shock  is  at  the  Surface  of  the  Sun. 
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k ain(a  cos\) , 
k cos (G  alnX  - cos  G)/cosX. 
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The  solution  of  these  tw  equations  for  various  heliocentric  lonqltudes,  X,  will 
provide  an  Idea  of  the  angular  distribution  of  the  propagation  of  flare-generated 
shock  waves.  In  Figure  13  curves  a-e  represent  a polar  diagram  of  the  values  of 
the  angular  coefficient,  computed  from  the  above  equations  for  the  parameters 
given  In  Table  3.  Figure  13  Indicates  that  curve  "a"  yields  a very  "extanded" 
shape  of  the  angular  distribution  of  the  velocity  of  the  shock  wave,  which  could 
characterise  the  curves,  determined  experimentally.  In  Figure  2.  Curves  "d"  and 
"e"  can  be  used  to  model  the  distribution  of  the  mean  velocity  of  the  shock 
wave  which  occurred  on  May  6-7,  1968  (Figure  6)  and  the  velocity  of  the  shock  wave 
of  October  29,  1968  (Figure  9,  part  b) . 

It  seems  that  the  model  of  the  flare-generated  shock  wave  that  assumes  the 
effective  region  of  forming  the  shap'e  of  the  wave  la  located  at  a distance,  p, 
equal  to  0. 3-0.6  AU  from  the  Sun  la  more  realistic.  We  can  thus  use  the  relation 


(5) 


k (1  + a*  - 2a  cos  (^i  - G cosX)  I**,  (6) 


M\) 


V(\-0*) 


'’(V)  ■ ''(V-o') 


In  which  the  parameter  a “ p/R,  R being  the  distance  frixn  the  Sun  o*it  to  1 AO, 
ami  G ami  F suitably  chosen  pwirameters.  Table  4 gives  the  parameters  used  in 
compnitlng  the  angular  coefficient,  D,  plotteil  in  Figure  14  as  curves  a-d. 

If  we  want  to  illustrate  the  directional  pro|>erty  in  the  ecliptic  plane, 
the  mean  velocity  of  the  wave  measurml  along  the  flare  normal,  la 

multiplied  by  the  angulai  ctHtfficient  ^(\)*  which  is  i^isspnited  for  various  helio- 
graphic longitudes  to  the  swat  amt  east  of  the  flare  noimal . The  directional 
proi<ertlea  of  proi>agation  of  flare-generated  symmetric  sluH'k  waves,  gi^verneil  by 


Table  J.  Parameters  Osed  to  f'etetmine  the  thirves  Illustiated  in  Figure  It 
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0 . 5000 

180' 

(4) 

b 

1 .0000 

90* 

(4) 

c 

5.2356 

36* 
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0.8506 

36* 

(3) 
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0.61805 

72* 
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Model  B,  are  character leed  by  the  waves  expanding  on  a broad  front  (Figure  14); 
these  waves  can  also  be  observed  at  larger  heliocentric  distances  than  90*.  This 
Is  demonstrated  by  the  fact  that  we  frequently  observe  the  passage  of  the  shock 
waves  from  beyond-the~llad>  flares  In  the  neighbourhood  of  the  Earth.  The  theoret- 
ical curves  a-d  In  Figure  14  characterize  the  directional  properties  of  the  pro- 
pagation of  shock  waves  determined  experimentally  and  as  Illustrated  In  Figures  4, 

5,  8,  and  9 (part  a).  It  should  be  pointed  out,  of  course,  that  with  a suitable 
choice  of  the  parameters  a,  ifi,  and  G,  one  can  achieve  a theoretical  value  of  the 
angular  distribution  of  the  velocities  of  shock  waves  which  fits  very  closely  the 
values  of  velocities,  determined  experimentally  by  multiple  spacecraft  observations. 

As  a final  note,  measurements  of  flare-generated  Interplanetary  shock  waves 
from  multi-spacecraft  should  be  continued)  this  would  enable  us  to  study  some  of  the 
detailed  structure  of  the  propagation  of  the  shock  waves  In  a wide  range  of  helio- 
centric longitudes  and  latitudes. 
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Discussion 


Wu:  Is  the  formula  derived  for  the  shock  shapes  completely  empirical  or  has 
Dr.  Pinter  used  the  similarity  theory? 

Dryer  (for  Dr.  Pinter):  Dr.  Pinter  used  the  extensive  number  of  multi-observed 
shocks  (described  in  the  text)  to  derive  the  piston-driven  and  blast-originated 
shock  shapes  in  a completely  empirical  manner. 
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Abstract 


A simplified  2~dlmenstonal  MHO  analogue  of  the  region  of  interaction  between 
the  streaming  solar  wind  with  cometary  plasmas  has  been  used  to  model  numerically 
the  trajectory  of  cometary  fluid  particles  as  they  move  downstream  from  the  nuclear 
region.  The  invoked  accelerating  mechanism  is  viscous  transfer  of  momentum  impart- 
ed through  wave-particle  interactions  in  the  cometary  plasma  environment.  The 
model  provides  spatial  trajectories  as  well  as  the  velocity  and  acceleration  vec- 
tors of  fluid  particles  placed  Initially  at  different  locations  within  the  mixing 
region  associated  with  the  solar  wind-cometary  plasma  interface.  The  numerically- 
computed  velocities  and  accelerations  are  compared  with  those  inferred  from  obser- 
vational measurements  of  specific  structures  detected  in  cometary  tails. 


On  sabbatical  leave  at  the  Aerospace  Eng.  Sciences  Dept.,  Univ.  of  Colo.,  Boulder. 
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The  use  of  continuum  flow  mechanics  has  proved  to  be  most  useful  to  the  inter- 
pretation of  certain  large-scale  phenomena  associated  with  the  interaction  of  the 
solar  wind  with  planetary  and  cometary  objects.  Such  has  been  the  case  in  regard 
to  the  inviscid  MHD  flow  description  of  the  shocked  solar  wind  as  it  streams  around 
magnetic  and  non-magnetic  objects  (see  for  example,  Spreiter  et  al.,  1970  and 
Dryer,  1977).  Emphasis  has  also  been  put  on  viscous  flow  descriptions  of  such  a 
flow  as  it  streams  around  the  boundary  of  the  cavity  associated  with  each  obstacle 
(Faye-Petersen  and  Heckman,  1968;  Cassen  and  Szabo,  1970;  Perez-de-Tejada  and  Dryer, 
1976).  In  the  present  report  some  preliminary  results  of  the  application  of  vis- 
cous flow  theory  to  the  analysis  of  the  interaction  of  the  solar  wind  with  cometary 
plasmas  will  be  given  with  particular  attention  to  the  dynamics  of  the  resulting 
mixing  layer  downstream  from  the  stagnation-flow  region. 

A descriptive  review  of  some  peculiar  features  currently  thought  to  be  assoc- 
iated with  the  local  pla'sma  dynamics  of  cometary  environments  is  presented  in  Fig- 
ure 1 (reproduced  from  Wiirm  and  Mammano,  1972).  Most  notable  is  the  presence  of 
well-defined  tail  rays  which  are  believed  to  originate  from  the  so-called  cometary 
plasma  envelopes.  These  are  features  initially  seen  as  patches  in  regions  upstream 
from  the  nucleus  and  which  exhibit  a peculiar  evolution  by  growing  laterally  in 
length  while  at  the  same  time  becoming  thinner  and  receding  toward  the  nucleus. 

Such  struc.tures  gradually  evolve  into  thin  rays  which  are  seen  to  collapse  in  the 
direction  of  the  comet's  tail  axis.  The  motion  towards  the  tail  axis  becomes  more 
evident  when  one  follows  the  path  of  specific  plasma  parcels  as  done  by  6pik  (I96A) 
for  a distinct  structure  observed  in  Halley's  comet.  The  results  of  that  study 
showed  that  the  plasma  particles  move  as  if  they  were  in  fact  affected  by  a force 
acting  in  the  direction  transverse  to  that  of  the  tail  axis  as  shown  in  Figure  1. 


Figure  1.  True  orbit  shapes  (a  and  b)  of  two  pieces  of  ionized 
matter  in  the  tail  rays  of  ccmets  (from  Wu’rm  and  Mammano,  1972) 
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In  order  to  study  the  motion  of  such  cometary  plasma  particles,  it  is  neces- 
sary to  introduce  a suitable  MHO  geometry  which  should  represent  the  region  of 
interaction  between  the  solar  wind  and  the  cometary  material.  This  Is  indicated 
schematically  in  Figure  2 where  the  shocked  solar  wind  streaming  by  the  flanks  of 
the  cometary  plasma-cavity  is  replaced  by  a 2-0  hypersonic  MHO  flow  which  inter- 
acts viscously  with  a stationary  plasma.  Thus,  as  a result  of  transverse  transport 
of  momentum,  the  cometary  material  will  be  subjected  to  an  accelerating  motion  in 
the  direction  of  the  streaming  flow,  while  at  the  same  time  will  be  exchanging  ther- 
mal energy  with  It.  A weak  magnetic  field  aligned  to  the  velocity  vector  will  be 
allowed  to  exist  throughout  the  region  and  its  effect  will  be  to  reduce  slightly 
the  effective  inertial  force  of  the  flow. 


Inttroclion 


Figure  2.  Schematic  representation  of  the  region  of 
interaction  between  the  shocked  solar  wind  and  the 
cometary  plasma  through  a simplified  2-D  geometry 
(insert) 


The  mathematical  formulation  of  such  a MHD  mixing  region  takes  its  simplest 
form  when  conditions  of  perfect  electricai  conductivity  are  assumed  to  hold.  In 
this  case  the  aligned  magnetic  field  "B"  is  di rectl^  related  to  the  density  and 
velocity  fields,  "p"  and  "V*'  respectively,  through  B n,  pY,  and  the  set  of  MHO  equa- 
tions that  describe  the  motion  (momentum  and  energy)  can  be  reduced  to  a set  of 
pseudo-gasdynamic  equations  (see  Pe'rez-de-TeJada  and  Dryer,  1976  for  an  overall 
description  of  these  equations).  The  most  important  aspect  of  such  a formulation, 
however,  lies  in  the  selection  of  the  proper  boundary  conditions,  and  it  is  in  con- 
nection with  this  selection  that  some  relevant  physical  implications  are  encounter- 
ed. As  discussed  by  PeVez-de-Tejada  and  Dryer  (1976),  the  solution  of  the  set  of 
differential  equations  that  describes  the  behavior  of  the  MHD  mixing  region  as  de- 
fined above  requires  five  boundary  conditions,  four  of  which  are  immediate  and 
refer  to  the  limiting  values  of  the  temperature  and  velocity  imposed  outside 
the  region  of  interaction.  The  selection  of  the  fifth  boundary  condition  is  ob- 
tained through  a high-order  analysis  of  the  Navier-Stokes  equation,  and  its  form 
depends  on  the  dynamic  properties  of  both  interacting  media.  For  the  particular 
case  In  which  the  streaming  flow  interacts  with  stationary  material,  the  required 
boundary  condition  states  that  the  transverse  component  of  the  velocity  vector  for 
the  streaming  flow  is  zero  at  the  upper  boundary  of  the  mixing  region  (Ting,  1959). 
The  implication  of  adopting  this  restriction  as  the  appropriate  form  of  the  fifth 
boundary  condition  is  that  the  dividing  streamline  between  both  interacting  media 
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Is  not  horizontal  (along  the  X-axIs)  but  will  be  laterally  deflected  Into  the  reg-- 
Ion  originally  occupied  by  the  stationary  plasma.  Calculations  of  such  a displace- 
ment which  affects  the  entire  mixing  region  have  been  performed  for  flows  of  dif- 
ferent physical  properties.  The  results  of  these  calculations  are  shown  In  Figure 
3 where  the  lateral  displacement  (given  In  terms  of  a specific  value  of  the  vari- 
able of  similarity  ri  _ ' where  x and  9 denote  the  normalized  distances  along 

and  transverse  to  the  direction  of  the  Incident  motion,  and  R Is  the  Reynolds  No.) 
Is  plotted  as  a function  of  the  Mach  number  of  the  streaming  flow  using  different 
forms  of  the  viscosity  function  y n.  T'’(where  T denotes  temperature  and  n-0,  I,  2.5) 
and  of  the  Prandtl  number  P,..  It  is  seen  that,  while  the  displacement  is  very  small 
for  Incompressible  and  subsonic  flows,  It  grows  at  an  ever  increasing  rate  in  the 
hypersonic  range.  The  implication  of  such  an  accelerated  lateral  displacement  is 
that  we  can  expect  a strong  tendency  for  the  hypersonic  flow  to  force  its  way  into 
the  stationary  material  with  which  it  interacts. 
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Figure  3.  Lateral  displacement,  tiq.  of  the  dividing  streamline 
between  a streaming  flow  and  a stationary  plasma  as  a function  of 
the  Mach  number,  M 


A clearer  picture  of  these  concepts  can  be  obtained  by  using  flow  diagrams 
which  Indicate  the  direction  of  the  flow  streamlines  within  the  mixing  region.  An 
example  of  such  diagrams  (obtained  from  the  numerical  solution  of  the  equations  re- 
ferred to  above)  is  presented  in  Figure  1).  Host  notable  is  the  marked  transverse 
deflection  of  all  the  streamlines  acting  in  such  a way  as  to  align  the  material 
along  a narrow  region  centered  around  the  dividing  streamline.  The  overall 
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resemblance  between  this  motion  and  that  derived  from  the  observational  analysis  of 
specific  plasma  structures  In  cometary  plasma  environments  Is  evident-  Thus,  It 
demonstrates  the  usefulness  of  the  proposed  HHD  viscous  flow  analogue  to  model  the 
actual  Interaction  processes  taking  place  between  the  solar  wind  and  cometary 
plasmas.  Superimposed  at  specific  locations,  we  have  also  traced  sections  of  the 
local  velocity  profile  In  order  to  exhibit  the  accelerated  growth  of  the  transverse 
extent  of  the  mixing  region.  An  Important  consequence  of  this  growth  Is  the  fact 
that  In  the  far  downstream  regions  of  the  mixing  layer  the  fluid  particles  which 
were  Initially  located  at  distinct  sections  within  the  mixing  region  have  now  very 
similar  velocities.  Finally,  It  Is  Important  to  point  out  that  the  downward  de- 
flection of  streamlines  Is  effective  to  particles  of  both  the  stationary  and  the 
streaming  flow,  even  though  the  former  exhibits  an  Initial  upward  motion.  This  Is 
due  to  the  fact  that  at  y " - the  boundary  conditions  on  the  longitudinal  and 
transverse  velocity  components  are,  respectively:  u(-<®)  ■ 0 and  v{-“>)  > 0 . 
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Figure  k.  Flow  diagram  for  the  mixing  region  of 
a hypersonic  flow  In  the  x/L,  y/L  plane.  L denotes 
the  characteristic  length  of  the  flow,  and  R and  3 
the  Reynolds  number  aid  the  ratio  of  the  magnetic 
energy  density  to  the  kinetic  energy  density  of  the 
freestream  flow,  respectively.  The  rest  of  the  para- 
meters shown  are  discussed  in  the  text. 


By  computing  locally  the  longitudinal  and  transverse  velocity  components  along 
different  streamlines,  it  Is  possible  to  Infer  about  the  rate  of  acceleration  of 
particles  Initially  at  rest  as  well  as  of  the  rate  of  deceleration  of  the  particles 
of  the  streaming  flow.  The  result  of  these  computations  show  that  for  particles 
placed  throughout  the  mixing  region,  the  acceleration  (or  deceleration)  Is  notably 
fast  and  leads  to  a well-defined  terminal  velocity  which  Is  predominantly  a func- 
tion of  the  Mach  number  of  the  streaming  flow,  although  an  additional  (weaker)  de- 
pendence Is  also  exerted  by  the  form  of  the  transport  properties  of  both  media. 
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The  baste  relationship  between  the  terminal  velocity  and  the  Hach  number  Is 
shown  In  Figure  5 (the  relative  differences  between  various  values  of  the  Prandtl 
number  or  of  the  n-Index  In  the  viscosity  function  "v  T"  are  minor  and  cannot  be 
appreciated  at  the  scale  shown).  Host  significant  In  the^resultlng  "universal" 
curve  Is  the  fact  that  In  the  hypersonic  range  we  have  u(>(*I)  % 0.2-0. 3.  The 
velocity  values  Implied  by  these  numbers  are  within  the  60-90  km/sec  range  which  Is 
satisfactorily  consistent  with  a number  of  observatlonally-lnferred  velocities 
within  cometary  plasma  tails. 


Figure  5.  Terminal  velocity  of  particles  movltuj  within 
the  mixing  region  as  a function  of  the  Mach  number  of 
the  streaming  flow 


Unlike  the  terminal  velocity  calculations,  the  plotting  of  local  velocity  vs 
distance  does  not  lead  Into  "universal  curves"  even  If  this  Is  examined  for  stream- 
lines corresponding  to  one  same  flow  pattern.  However,  from  the  repeated  compari- 
son of  such  curves.  It  Is  found  that  (for  each  ''ow  diagram)  they  can  all  be  com- 
bined Into  one  If  the  numerically  computed  velocity  Is  plotted  as  a function  of 

x/x  where  x denotes  the  Initial  value  of  the  normalized  distance  where  the  motion 
o o 

Is  Initiated. 

An  example  of  how  these  curves  can  be  employed  to  reproduce  observatlonally- 
lnferred  acceleration  curves  of  specific  structures  within  cometary  plasma  tails 
Is  shown  In  Figure  6.  We  see  here  that  the  theoretical  curves  can  be  satisfactorily 
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usad  to  account  for  the  dramatic  acceleration  of  cometary  particles  as  It  Is  ob- 
served along  the  plasma  tails  of  some  comets.  The  fact  that  the  acceleration  pro- 
cess Is  seen  to  occur  In  an  abrupt  manner  at  certain  locations  downstream  from  the 
nuclear  region  suggests  that  In  some  cases,  at  least,  the  convergence  of  the  mixing 
region  Into  the  Inner  core  of  the  tall  may  be  slow,  taking  place  at  about  10^  km 
downstream  from  the  nucleus. 
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Figure  6.  Comparison  between  theoretical  and  ex- 
perimental "veloct  ty  vs  dlstance*curves.  The  abscissa 
for  the  theoretical  (dashed)  velocities  are  given  In 
the  upper  part  of  the  figure.  A solar  wind  velocity 
of  300  k/sec  fits  the  data  of  Nov.  II,  I908  for 

Comet  Horehouse,  but  exceeds  that  of  Oct.  29,  I908. 
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Discussion 


K.  Jockers:  I wonder  why  the  speed  at  large  distances  downstream  from  the 
cometary  head  does  not  approach  the  solar  wind  speed? 

H.  Perez-de-TeJada : Within  the  framework  of  the  two  dimensional  semi  - inf  in  I te 
geometry  adopted  in  the  model,  there  Is  a net  transfer  of  momentum  from  the 
solar  wind  flow  to  the  cometary  plasma.  This  transfer  results  in  a certain 
decrease  of  the  directed  velocity  of  the  solar  wind  particles  throughout  the 
mixing  region.  This  decrease  in  velocity  Is  never  recovered  In  the  model  In 
view  of  the  assumed  infinite  transverse  extent  of  the  region  occupied  by  the 
cometary  plasma  below  the  dividing  streamline. 

S.  Grzedzielski ; Oo  your  calculations  on  the  viscous  drag  refer  to  the  subsonic  or 
supersonic  case? 

H.  Perez-de-Tejada;  The  analysis  of  the  mixing  layer  as  described  in  the  nx>del 
applies  to  situations  in  which  a certain  velocity  shear  exists  between  two 
parallel  (subsonic  or  supersonic)  flows.  The  thickness  of  the  mixing  region 
and  the  lateral  displacement  of  the  dividing  streamline  vary  strongly 
with  the  Hach  number.  Throughout  the  subsonic  range  the  geometry  of  the 
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mixing  region  Is  not  very  different  from  that  of  Incompressible  flows.  In  the 
supersonic  range,  on  the  other  hand,  the  predicted  thickness  and  orientation  of 
the  mixing  layer  change  significantly  with  Mach  number. 

S.  GrezedzielskI : If  your  theory  applies  to  the  supersonic  flow,  how  do  you  know 
where  the  supersonic  region  begins?  One  can  well  Imagine  a viscous  drag 
effective  in  the  subsonic  region,  which  means  that  the  position  of  the  sonic 
line  (beginning  of  the  supersonic  region)  depends  on  the  amount  of  drag  In  the 
subsonic  region. 

H.  Perez-de-Tejada:  Since  the  calculations  are  intended  to  provide  a 

phenomenological  description  of  the  overall  dynamics  of  the  region  of  inter- 
action between  the  shocked  solar  wind  and  cometary  plasmas.  It  is  necessary  to 
regard  the  two-dimensional  geometry  adopted  In  the  model  as  a suitable  analogue 
of  the  actual  boundary  layer  present  at  locations  downstream  from  the  subsolar 
region.  Thus,  effects  associated  with  pressure  gradients  along  the  curved 
contact  surface  or  with  the  position  of  the  sonic  line  have  not  been  considered. 
There  is.  Indeed,  a viscous  drag  in  the  subsonic  region  along  this  curved 
surface  as  you  pointed  out. 

H.  Eviatar:  A real  comet's  tail  has  fine  structure  and  looks  like  spaghetti.  What 
refinement  would  your  model  need  to  reproduce  this  fine  structure  on  a scale 
' 105  km? 

H.  Perez-de-TeJada : The  preliminary  numerical  modeling  of  arbitrary  structures 
released  near  the  leading  edge  of  the  mixing  layer  indicates  that  the  material 
exhibits  a certain  tendency  to  concentrate  in  the  vicinity  of  the  dividing 
streamline.  This  gives  the  appearance  of  a thin  filament  with  a non-uniform 
density  distribution  along  Its  length.  It  is  possible  that  structures 
resembling  cometary  tail  rays  could  ultimately  be  constructed  from  the 
cumulative  superposition  of  these  numerically-generated  filaments.  This 
question  is  under  current  investigation. 

M.  K.  Wallis:  Have  you  considered  the  case  of  a homogeneous  cylindrical  tall, 
presumably  with  constant  pressure  as  the  'lower'  boundary  condition? 

H.  Perez-de-Tejada:  I have  not  considered  three  dimensional  geometries  which 
would,  presumably,  provide  a better  representation  of  the  mixing  region  in 
the  far  downstream  regions  of  the  wake.  The  adoption  of  a constant  pressure 
at  the  lower  edge  of  the  mixing  region  would  be  a desirable  but  Insufficient 
modification  to  the  present  model  in  view  of  the  assumed  infinite  transverse 
extent  of  both  Interacting  media  In  the  geometry  employed. 
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the  Plasma  Tail  of  Comet  Kohoutek  1973  XII 


I K.  Jock6rt 

Max-Plancfc-ln«titut  fur  Phytik  und  Astropfiyiik 
Foahringar  Ring  6,  Poitfach  401212 
8000  Munich  40,  FRQ 


Abstract 


Flcturea  of  Comet  Kohoutek  1973  XII  from  all  over  the  world  have  been  col- 
lected for  an  atlaa.  This  atlaa,  which  will  be  publlahed  separately,  will  show 
the  comet  tall  several  times  a day  In  the  period  from  January  9 - 24,  1974.  To 
correlate  cometary  events  with  solar  events.  In  this  paper  orbital  Information 
<m  Comet  1973  XII  Is  given  together  with  the  tall  aberration  angles  and  the 
(as  yat  tentative)  onset  of  so-called  secondary  tall  events,  as  they  can  be  de- 
duced from  the  pictures  of  the  cometary  atlas. 


1.  INTRODUCTION 


It  may  not  be  accidental  that  In  this  session  on  comet-solar  wind  Inter- 
action there  have  as  yet  only  theoretical  papers  been  presented.  It  Is  diffi- 
cult to  obtain  cometary  tall  data  which  are  suited  for  correlation  studies. 

Since  comet  tails  change  their  appearance  quickly  It  Is  desirable  to  have  a 
picture  of  a comet  tall  every  hour.  As  comets  with  plasma  tails  usually  are 
close  to  the  sun  they  can  be  seen  from  a single  site  only  a few  hours.  There- 
fore a cooperation  of  cometary  observers  all  over  the  world  Is  necessary.  Even 
then,  because  of  the  Inhomogeneous  distribution  In  geographic  longitude  of  the 
countries  with  developed  astronomy  programs,  gaps  In  the  data  will  remain.  In 
this  talk  1 will  present  preliminary  results  obtained  from  pictures  of  Comet 
Kohoutek  1973  XII  which  I have  collected  from  all  over  the  world.  These  pic- 
tures will  be  published  separately  as  an  atlas.  So  far  the  following  observato- 
ries have  contributed  data.  They  are  listed  In  the  order  of  Increasing 
geographic  longitude.  The  German-Spanlsh  Observatory  on  Calar  Alto  mountain, 
Spain,  the  Joint  Observatory  for  Cometary  Research,  Socorro,  New  Mexico,  the 
Catalina  Observatory  of  the  University  of  Arizona,  Tuczon,  Arizona,  Lowell 
Observatory,  Flagstaff,  Arizona,  Hale  Observatories  on  Mt.  Palomar,  California, 
the  Mauna-Kea  Station  of  the  Astronomical  Institute  of  the  University  of  Hawaii, 
the  Dodelra  Station  of  the  Astronomical  Institute  of  Tokyo  University,  Japan, 
the  Kagoshima  Station  of  the  Japanese  Institute  for  Space  Research,  the  Astro- 
nomical Observatory  of  the  Kasakh  Academy  of  Sciences,  USSR,  Aslago  Observatory 
of  the  University  of  Padova,  Italy  and  the  Observatolre  Haute  Provence  of  CNRS, 
France.  In  addition  1 have  received  many  pictures  from  the  Baker-Nunn  satel- 
lite tracking  network  operated  by  the  Smithsonian  Astrophyslcal  Observatory  In 
Cambridge,  Massachusetts.  In  particular,  pictures  from  stations  In  Spain, 
Brazllla,  Arizona,  Hawaii,  India  and  Ethiopia  were  useful.  Some  amateurs  also 
have  contributed  pictures.  The  data  cover  the  period  January  9 - 24,  1974, 
when,  at  one  hand,  the  comet  was  not  too  close  to  the  sun  and,  on  the  other  hand, 
moon  light  did  still  not  Interfere  with  the  observations.  In  this  time  period 
Skylab  was  still  operating. 


2.  THE  ORBIT  OF  COMET  KOHOUTEK  1973  XII 


To  Interpret  cometary  data  It  Is  necessary  to  have  some  Information  on  the 
cometary  orbit.  As  the  Inclination  of  the  orbit  of  Comet  1973  XII  was  low  one 
can  obtain  a good  picture  by  assuming  the  comet  to  move  In  the  ecliptic  plane. 
Figure  1 (next  page)  shows  the  comet  orbit  projected  onto  the  ecliptic  plane 
and  the  relative  position  of  sun,  comet  and  earth.  During  the  period 
January  9-24  the  heliocentric  distance  . of  the  comet  varied  from  .5  to  .8  AU. 
The  geocentric  distance  of  the  comet  was  always  about  .8  AU.  As  seen  from 
the  earth,  the  sub-solar  point  of  the  comet  was  always  close  to  the  east  limb 
of  the  sun  moving  slowly  onto  the  disk  at  the  end  of  the  observation  period. 
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Figure  1:  The  Relative  Position  of  Coaet  l«7f  XU  snJ  Karth.  January  1V74 


pictures  only  show  the  projection  of  the  o^eiet  on  the  sky  plane 
Therefore  It  la  necessary  to  know  the  projection  of  the  relevant  unit  vectors 
on  the  sky  plane.  As  there  were  only  minor  chaixgea  thrv>u|ih  the  ohservlixg 
^*'f**'v*i  it  ie  sufficient  to  consivler  the  situation  on  January  17,  In  the 
middle  of  the  observing  period.  Figure  2 shows  the  projection  of  some  unit 
vectors  drawn  Into  the  unit  circle.  The  aa^'unt  by  which  the  leitgth  of  the 


V0ctora  la  l«aa  unity  lutllcatua  ctie  turi^ativirCaitlnK  Ju«  Co  Ctie  projai'tion 

on  tha  aky.  In  our  caae  the  aapect  of  the  ov'met  la  not  favouiahle.  Since  the 
coaeC  orbit  plane  la  very  eloae  to  the  ecliptic,  the  heliocentric  hellographlc 
azimuthal  direction,  which  la  UK'at  Intereatlng  to  aee,  very  nearly  colncldoa 
with  the  line  ot  alght  to  the  civaet . The  polar  and  antlaolar  dlrectlona  almi'ac 
lie  In  the  plane  of  the  aky.  The  projection  of  the  heliocentric  orbital 
velocity  of  the  cvnaet,  normalized  to  unity,  la  very  eloae  to  the  projection  of 
the  antl-aolar  direction.  If  we  conaider  the  comet  aa  a aolar  wind  aock,  the 
aberration  angle,  l.e.  the  angle  between  the  tall  axla  and  the  antl-aolar  dlrec- 
tl.n>,  la  aenaltlve  to  a polar  component  ot  the  aolar  wind  but  not  to  an 
az  imuthal  comi'onent . Tor  a radial  cv'mpo.'eui  of  the  aolar  wind  velocity  of  abou^ 
aOO  km  a”  the  tall  aberration  .ingle  due  to  the  comet  orbital  motion  la  about  1 . 


X THK  .SKOOMURY  TAIl.  KM'S 


To  aCudy  comet-aolar  wind  Interaction  the  aberration  angle  of  the  comet  tall 
la  certainly  a kev  quant Itv.  However,  aomet Imea  more  than  one  plaama  tall  la 
vlalble.  The  wind  aock  model  cannot  be  valid  for  more  than  one  tall  at  a time. 
The  appearance  ot  a aecondary  tall  In  I'omet  Bennett  IdJO  11  has  been  studied  by 
Burlaga  et  al.  1197.1),  dockers  and  l-iiat  tldj.tf  and  Wurm  and  Hammano  (197^). 

Kven  though  there  was  disagreement  about  the  aolar  wind  aa  a cauae  ot  the  secon- 
dary tall  the  phenomenon  Itaelt  la  deacrlbed  similarly  by  the  different  authors. 
IXirlng  a lew  hours  a secondary  tall  develops  out  ol  a tall  ray.  This  second  tail 
quickly  Increases  In  brightness  so  that  the  role  ot  primary  and  aecondary  tall 
Interchanges.  Therefore,  If  one  detei'mlnes  the  tall  aberration  angle  from  the 
most  Intense  tall  this  angle  changes  suddenly  when  what  was  formerly  considered 
to  be  a tall  ray  la  taken  to  be  the  main  tall.  I'urlng  further  development  this 
new  tall  assumes  the  normal  -aberration  angle,  l.e.  mv'ves  Into  the  position  of 
the  tormer  tall. 

Klgure  J shows  the  tall  aberration  .angles  determined  trom  the  c.'met  tall 


pictures.  The  angles  are  accurate  to  t only.  In  case  of  a curved  tall  I 
have  aeasured  the  tall  close  to  the  nucleus,  i.e.,  the  "prlaary  tall"  as  It  Is 
*>y  Hoffs  ;lster  (1943).  The  dotted  line  gives  the  aberration  angle 
produced  by  an  undisturbed  radial  :Lolar  wind  of  400  ka  a speed.  The  arrows 
■ark  the  onset  of  tall  ray  activity  which  later  on  produced  a secondary  tall. 
Arrows  In  the  upper  or  lower  part  Indicate  tliat  the  activity  started  at  the 
north  or  south  side  of  the  coaet,  respectively.  Due  to  the  data  gaps  some  of 
the  events  aay  not  have  been  recognlred  correctly,  as  sons  tall  ray  activity 
Is  always  going  on  in  the  coast.  Soae  of  the  strong  changes  in  tall  aberration 
angle  which  accoapany  the  secondary  tall  events  are  caused  by  the  subse<iuent 
Interchange  of  aaln  and  secondary  tall. 

Due  to  the  fact  that  solar  observations  (ground  based  and  from  Skylab) 
were  not  available  to  the  author  prior  to  the  meeting,  a detailed  coaparlson 
of  the  secondary  tall  events  with  solar  data  could  not  be  made  as  yet. 
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Discussion 


Malaiiie:  Do  I underaCand  that  the  observed  aberration  angle  you  showed  la  the 
observed  angle  of  the  tall  with  respect  to  the  radius  vector? 

dockers:  Yes. 

Malaise:  The  curve  you  showed  for  Che  aberration  angle  la  continuous.  Does  this 
mean  that  It  pertains  to  the  same  tall  or  Is  It  the  angle  of  Che  brightest 
feature? 

dockers:  It  pertains  to  the  brightest  feature.  The  large  changes  In  tall  aber- 
ration angle  following  some  of  the  marked  secondary  tall  events  must  have  con- 
tributed to  Che  discontinuity  which  arises  when  wliaC  was  formerly  a Call  ray 
Is  now  Interpreted  as  the  main  tall. 

Malaise:  (This  question  was  asked  following  the  presentation  of  a movie  on  comet 
Kohoutek.  The  details  on  this  movie  were  given  at  the  lAU  Conference  No.  2S , 

The  Physics  of  Comets,  GroenbelC,  Maryland,  l'J74.)  How  difficult  would  It  be  to 
cancel  the  orbital  motion  of  Che  head  In  Che  motion  picture?  1 am  asking  this 
question  because  It  seems  that  the  features  away  In  Che  Ion  tails  move  essen- 
tially parallel  to  the  head,  chat  is  the  ion  tall  moves  with  the  head  as  if  it 
were  attached  Co  it.  This  picture  does  not  agree  with  theories  in  which  Che 
tall  Ions  very  quickly  reach  their  terminal  velocity  with  respect  to  the  solar 
wind. 

dockers:  It  would  not  be  very  difficult  Co  cancel  the  orbital  motion  of  the  comet, 
but  it  would  not  make  much  sense,  as  the  eye  would  always  take  the  stars  as 
reference  no  matter  If  they  remain  fixed  or  If  they  move  opposite  to  Che  comet's 
proper  motion.  The  only  useful  step  in  this  direction  would  be  to  remove  the 
stars  from  the  pictures  completely  by  some  kind  of  filtering  tcclinique.  As  a 
movie  always  gives  only  a subjective  Impression  It  cannot  prove  or  disprove 
theories  about  motions  of  Che  cometary  ions. 
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Abstract 


The  satellite  data  on  solar  wind  (density,  bulk  velocity  and  magnetic  field)  to- 
gether with  the  solar  activity  data  have  been  used  to  identify  high-velocity,  low- 
density  streams  emitted  by  quiet  solar  regions  (coronal  holes)  in  cycle  n.  20.  For 
the  Identified  events,  a small  cosmic  ray  depression  is  generally  observed,  its  time 
behaviour  traces  that  of  the  solar  wind  speed  (about  0.  5%  of  intensity  depres- 
sion at  high-latitude  neutron  stations  for  an  Increase  of  100  km/sec  In  the  solar 
wind  velocity). 


ffilCSDlNO  PiflB  liUttK 


1.  INTRODUCTION 


We  may  assume,  as  suggested  by  Gosling  et  al.  (1976a),  that  the  most  charac- 
teristic state  of  solar  wind  is  the  high-speed  flow  which  is  modulated  by  intrusions 
of  low-speed  gas.  The  high-speed  flow  is  emitted  by  quiet  solar  regions  of 
low  density  where  the  magnetic  field  is  divergent  (coronal  holes),  while  the  low- 
speed  flow  comes  from  regions  where  closed  field  line  structures  exist  (Gulbram- 
dsen,  1975;  Sheeley  et  al, , 1976;  Nolte  et  al. , 1976b).  The  high-speed  streams 
mainly  survive  for  long  time  and  then  they  are  often  found  to  recur  for  several  so- 
lar rotations;  at  the  Earth's  orbit  the  broadest  and  fastest  streams  are  more  fre- 
quent in  years  of  declining  solar  activity  near  the  minimum  (Gosling,  1976a).  Near 
the  solar  equatorial  plane  the  low-speed  flow,  which  comes  from  solar  regiorawhere 
activity  phenomena  may  occur,  is  more  frequently  observed  in  the  years  of  max- 
imum solar  activity;  transient  hieh- speed  flow  can  be  emitted  by  these  active  re- 
gions on  occasion  of  energetic  Type  IV  solar  flares  (Gosling  et  al, , 1976b). 

Cosmic  ray  decreases,  not  associated  with  solar  flares  in  the  visible  hemis- 
phere of  the  Sun,  were  interpreted  as  produced  by  a continuous  emission  of  fast 
plasma  by  a restricted  region  of  the  Sun  (McCracken  et  al. , 1966;  Bukata  et  al.  , 
1968);  in  lucci  et  al.  (1977)  it  has  been  found  tnat  in  the  period  1957-1969  the  major 
ity  of  these  events  with  amplitude  AI/I  ^1.5%  at  high  latitude  neutron  monitors 
can  be  produced  by  Type  IV  solar  flares  occurring  beyond  the  East  limb  of  the  Sun 
while  the  smaller  and  recurrent  cosmic  ray  decreases  can  be  mainly  produced  by 
fast  streams  coming  from  coronal  holes. 

The  aim  of  the  present  work  is  to  study  the  influence  of  the  high-speed  streams  I 
produced  by  coronal  holes  on  the  cosmic  ray  intensity  in  the  period  1965-1974. 

For  this  purpose  the  following  data  are  used;  neutron  monitor  intensity  at  high  lati- 
tude, solar  wind  density  (Diodato  et  al.  , 1975)  and  velocity  (Diodato  et  al. , 1975; 
Gosling  et  al.  , 1976a),  interplanetary  magnetic  field  (King,  1975;  Svalgaard,  1 975). 


2.  FA.<5T  STREAMS  FROM  1965  TO  1974 


The  high-speed  streams  coming  presumably  from  coroned  holes  in  the  period 
July  1965  - October  1974  are  identified  under  the  following  requirements; 

a)  enhanced  velocity  (V^ax  ^ 400  km/sec  and  AV=  (Vjy^ax  ■ Vq)  > 100 

km/sec,  where  V^ax  maximum  daily  value  in  the  fast  stream  and  Vj,  is  the 

daily  value  immediately  out  of  the  stream)  for  is  3 days; 

b)  enhanced  density  and  magnetic  field  intensity  during  the  phase  of  increas- 
ing velocity; 

c)  relatively  low  density  and  quiet  magnetic  field  after  the  phase  of  increas- 
ing velocity; 

d)  absence  of  active  regions  which  produce  energetic  solar  flares  in  the  he- 
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liolongitude  belt  containing  the  possible  coronal  hole. 

The  transient  high-speed  streams  associable  with  Type  IV  solar  Hares  have 
been  excluded;  for  these  cases  at  least  one  of  the  requirements  listed  above  is  not 
fulfilled.  At  the  end  of  each  stream,  after  the  phase  of  decreasing  velocity,  an  in- 
crease in  solar  wind  density  is  generally  observed;  the  occurrence  of  a density  peak 
inside  a long  period  of  enhanced  velocity  is  used  to  separate  subsequent  streams. 
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Figure  la.  High-speedSolar  Wind  Streams  (horizontal  bars)  and  Interplanetary  Mag- 
netic Field  Polarities  in  the  Streams  Plotted  According  to  27-day  Bartels  Rotati 
ons.  The  gaps  in  the  solar  wind  velocity  lasting  more  than  2 days  are  reported  (bro- 
ken lines).  The  numbers  on  the  right  refer  to  the  Bartels  rotation  numbers. 
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In  Klt^res  la  anil  lb  the  lilentifieil  atreaina  are  reported  together  with  the 
magnetic  field  polarities.  It  cun  be  seen  that  the  magnetic  field  in  the  streams  is 
always  monopolar,  but  two  cases  for  which,  however,  the  inferred  magnetic  field 
polarities  (Svalgaard,  1975)  are  used.  The  high-speed  streams  tend  to  recur  for 
several  solar  rotations  and  mainly  coincide  with  those,  not  assoclable  with  active 
regions,  reported  by  Gosling  et  Bl.(t97(ia).  In  the  cases  of  broad  coronal  holes  di- 
rectly observed  on  the  Sun  surface  near  the  equator  (Altschuler  et  al.  , 1972;  Krie- 
ger  et  al.  . 1979;  Nolle  et  al.  , 197(in)  they  can  be  well  associated  with  the  identifi- 
ed high-speed  streams. 

In  the  period  1965  1972  fast  streams  are  observed  during  the  27‘'o  of  the  days 
in  which  the  solar  wind  velocity  is  measured;  this  pei'centage  iiicreases  to  56%  in 
the  years  1979-1974.  Moreover,  also  the  average  value  of  AV  Increases  from 
m 170  km/sec  (in  1965-1972)  to  •*  255  km/sec  (in  1979-1974).  Taking  Into  account 
the  relation  between  the  area  of  Uu>  equatorial  lioles  and  reported  by  Nolle 

et  al.(t976b),  tills  increase  of  AV  suggests  that  the  broadest  coronal  lioles  devel- 
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op  near  equatorial  regions  mainly  in  the  declining  phase  of  solar  activity  near  the 
minimum,  in  agreement  with  the  long  duration  of  the  fast  streams  observed  in  the 
years  1973-1974. 


3.  THE  INFLUENCE  OF  THE  FAST  STREAMS  ON  THE 
COSMIC  RAY  INTENSITY 


When  a fast  stream  ejected  from  a coronal  hole  envelopes  the  Earth,  a decrease 
in  the  cosmic  ray  intensity,  lasting  the  time  spent  by  the  Earth  inside  the  stream  , 
is  observed  in  most  cases.  The  time  behaviour  of  such  cosmic  ray  events,  which 
represents  the  longitudinal  variation  of  the  cosmic  ray  density  Inside  the  stream, — 
will  depend  on  two  effects;  the  outward  convection  produced  by  the  enhanced  so- 
lar  wind  velocity  and  the  diffusion  through  the  edges  of  the  stream. 
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Figure  2.  The  Event  of  June  14-22,1968.  The  intensity  (B) 
and  polarity  (dashed  area  indicates  mixed  or  undefined  polar- 
ity) of  the  interplanetary  magnetic  field;  the  velocity  (V)  and 
density  (N)  of  the  solar  wind  and  the  average  intensity  of  the 
Alert  and  McMurdo  neutron  monitors  (I)  are  plotted. 
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ItlOIK  III! 

The  Kv««\t  of  tlmvuMi'y 
Sot*  owptlon  of  Kl|{\U'*i  3. 


li\  c«»r  ooautiv'  rny  »i»‘i\»ity  li\  fl\e  tittt<i'ptHiietHi'y  rejjUwiu  miri'ixintllni;  tUt> 
fMMt  utrtmni  1*  not  d*pr*>*ne»t  by  oxteiutovt  inH|int‘ttc  bottlon  proitvice^t  l\v  IV  wo- 

l«i'  fUroii  tUicot  «*t  nl.  , \))77t  »iut  tl\«>  qu««l>ittHtioitary  comnto  I'l^v  it»M\i»ity  lovoln 
b»>to»'«>  mut  *fter  tU*  ati'VNin  arp  abiMil  tUi>  Haino,  tt***  profile  of  the  civnwlo  ra,v  vte- 
rreaae  inaUie  tite  atreatu  ta  fiaitui  to  he  of  (piaal-ayinnietrloal  ahape,  followh\t:  the 
time  heltavUair  of  the  aolar  whul  veloeiiy,  aa  It  la  ahown  In  the  examplea  reymrteil 
In  Kl|{\irea  3 anil  3.  If  the  quaal- atatlonary  coamlr  ray  Intenatty  levela  nearby  tl»e 
atream  are  iltffereiit,  tl\e  niv\-aymmetrtral  roamle  ra.v  ittfhiaUai  privhioea  tlie  ob- 
aerveit  aayminetry  tn  tlie  roamle  ra,v  ilenalty  luahle  tlie  atream. 

When  tlie  roamle  ra.v  Intenalty  before  the  atreani  la  ilepreaaeit  bv  tlie  orrur- 
renee  of  a KorUiah  iterreaae,  tlie  roamle  ra,va  ran  illffviae  from  the  atream  rejjlon 
to  the  Korbiiah-ilerreaae  one,  ao  tliat  when  the  Karth  entera  Into  the  atream  the  ol'- 
aerveil  roamle  ray  ilerreaae,  If  aivy.  le  very  amall  auil  It  ta  followeil  by  a aharp  re- 
rovery  at  the  eiul  of  the  atream.  In  tlie  few  caaea  of  Korbiiah  ilerreaaea  ivnirrhii; 
before  anil  after  the  atream,  the  efferl  of  the  atream  iMi  the  ri»amlr  ray  time  behav- 
Uair  appeara  to  be  hljihly  riMifiiaeil. 

Varlcaia  examplea  of  faat  alreama  atul  their  tnfluenre  ivi  the  ntamlr  ra,v  tnten* 
aity  ran  be  fountl  In  Klipirea  4 ami  A for  two  aerlea  itf  aolar  rotatloiia  In  Itltiii  anil 
l!l7;i.lll74;  the  faat  atreama  vlalble  In  V'lijvire  are  proitnreil  by  ronvnal  holea. 
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Fljrure  4.  Solar  Wind  Velocity  (heavy  line).  Neutron  Monitor  In- 
tenaity  at  High  Latitude  (lijfht  line)  and  Interplanetary  Maftnetic 
Field  Polarity  ( ni  refera  to  mixed  or  undefined  polarity  ).  Tlie 
period  February  15-.1une  28,  1968  is  plotted  according  to  27-day 
Bartels  rotations. 
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Figure  5.  The  Period  November  21.  1973  - April  4.  1974. 
See  caption  of  Figure  4. 


Small  Forbush  decreases  can  be  observed  at  the  end  of  the  rotations  1919.  1921, 
1922  and  1923.  For  the  period  reported  in  Figure  4 the  fast  streams  associated 
with  coronal  holes  can  be  identified  by  Figure  1. 

For  all  the  events  not  much  perturbed  by  Forbush  decreases,  the  maxinnim 
amplitudes  of  the  relative  cosmic  ray  decrease  ( AIH  1 and  of  the  velocity  increase 
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( AV)  have  been  eetlmeted  end  reported  In  Figure  6 ; the  reference  level*  have 
been  computed  by  averaging  the  value*  Immediately  before  and  after  the  atream. 
The  dlatrlbutlon  of  the  points  In  Figure  6 show*  a linear  relation  between  AlV  and 
A I/I.  The  spread  of  the  point*  can  be  due,  beside*  to  the  error*  In  the  estimate 
of  the  two  variable*,  to  the  possible  variation*  In  the  cosmic  ray  diffusion  perpen- 
dicular to  the  field  lines;  In  any  case  the  relation  between  AV  and  A! /I  does  not 
seem  to  depend  on  solar  cycle.  As  an  average  for  AV  *100  km/sec.  AI/1  • 0.  52%. 


At  llB/IMI 

Figure  6.  The  Amplitude  of  the  Coemlc-ray  Intensity  Decrease 
.at  Hlgh-latltude  Neutron  Monitors  ( AI/I  ) is  Plotted  Ver- 
sus the  Increase  In  the  Solar  Wind  Velocity  ( AV  ) of  the  Asso- 
ciated Fast  Stream 


4,  ACTIVE  REGIONS  AND  CORONAL  HOLES 


As  It  was  suggested  by  Timothy  et  al.  (1975) 
are  formed  when  the  remnants  of  active  regions 


the  large  equatorial  coronal  holes 
fields,  emerging  in  both  hemi* 
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spheres,  combine  to  form  a large  area  of  essentially  unipolar  field.  This  mecha- 
nism may  explain  the  existence  of  the  broadest  equatorial  coronal  holes  in  the  de- 
clining phase  of  solar  activity  near  the  minimum  when  the  active  regions  are  close 
to  the  equator.  Moreover,  we  have  found  that  in  some  cases  the  coronal  holes  ap- 
pear in  solar  regions  which  were  active  and  producing  Type  IV  solar  flares  in  pre- 
vious solar  rotations  and  there  are  also  coronal  holes  which  disappear  when,  close 
to  them.  Type  IV  solar  flares  producing  Forbush  decreases  occur.  In  order  to 

achieve  understanding  of  this  interconnection  between  active  regions  and  coronal  j 

holes,  a more  detailed  study  must  be  pursued.  Finally  we  remark  that  when  the  j 

fast  streams  coming  from  coronsd  holes  cover  a large  portion  of  the  ecliptic  plane,  J 

as  in  1973-1974,  the  recovery  time  of  Forbush  decreases  becomes  shorter  than 
that  expected  from  the  heliolongitude  of  the  parent  solar  flare  (lucci  et  al.  . 1977) 

(for  instance  the  events  of  April  12,  1973;  May  4,  July  6 and  September  12.  1974).  ' 

This  effect  can  be  easily  explained  by  considering  that  in  this  situation  the  magnetic 
bottle  producing  Forbush  decrease  can  develop  only  in  narrow  interstream  regions. 


5.  ('.ONCLDSIONS 


It  has  been  found  that  when  corotating  fast  streams  connected  with  coronal 
holes  envelope  the  Earth,  small  cosmic  ray  depressions  (*  2'%  at  the  energies  of 
high-latitude  neutron  monitors)  are  observed;  they  last  for  the  period  of  enhanced 
solar  wind  velocity  and  their  amplitude  is  correlated  with  the  velocity  increase. 

In  the  interplanetary  space  in  the  vicinities  of  the  ecliptic  plane  two  types  of 
corotating  regions  can  be  observed:  regions  connected  to  solar  zones  where  magnetic 
field  loops  and  active  regions  may  exist;  regions  connected  to  quiet  solar  zones 
where  the  magnetic  field  lines  are  divergent  (coronal  holes).  In  the  former  regions 
.wide  magnetic  bottles  generated  by  energetic  T>'pe  IV  solar  flares  may  expand 
producing  large  transient  cosmic  ray  depressions  (Forbush  decreases),  whose  max- 
imum amplitude  at  the  Earth's  orbit  depends  on  the  velocity  of  the  advancing  front 
ii  of  the  bottle  (lucci  et  al.  , 1977);  in  the  latter  regions  the  cosmic  ray  density  is  main- 

j tained  depressed  by  the  continuous  outflow  of  enhanced  solar  wind  and  the  amount 

I of  the  quasi-stationary  cosmic  ray  depression  is  linearly  related  with  the  in- 

crease in  solar  wind  velocity.  The  amount  of  the  cosmic  ray  decrease  observed  in 
presence  of  broad  coronal  holes,  like  those  in  1973-1974,  may  offer  a rough  esti- 
mate of  the  cosn\ic  ray  intensity  level  over  the  solar  poles  where  extended  coronal 
holes  are  present. 

j For  what  concerns  the  possible  relation  between  fast  streams  and  long-term 

j cosmic  ray  modulation  (Intrlligator,  197  5)  it  should  be  noted  that  the  fast  streams 

I Increase  the  outward  cosmic  ray  convection,  but  unfortunately  this  effect  is  larger 

I near  solar  minimum.  We  think  that  the  long-term  cosmic  ray  modulation  can  be 

j due  mainly  to  the  outward  sweep  mechanism  on  cosmic  rays  produced  by  the  mag- 

i netlc  bottles  generated  by  energetic  Type  IV  solar  flares  (lucci  et  al.  ,1975). 


218 


i 


r 


I 


References 


Altschuler.  M.  D.  , D.  E.  Trotter,  F.  Q.  Orrall, Coronal  holes.  Solar  Phys, , 29, 
354,  1972. 

Bukata,  R.  P.  , K.  G.  McCracken,  and  U.  R.  Rao,  A comparison  of  the  character- 
istics of  corotating  and  flare-initiated  Forbush  decreases.  Can.  J.  Phys,  , 46, 

S 994,  1968, 

Diodato,  L, . G,  Moreno,  and  C.  Signorini,  A compilation  of  normalized  solar 
wind  densities  and  velocities,  Astron,  Astrophys,  Suppl.  , 20.  313,  1975. 

Gosling,  J.  T. , J.  R.  Asbridge,  S.  J.  Bame,  and  W.  C.  Feldman,  J.  Geophys. 

Res.  , 81^,  5061,  1976a. 

Gosling,  J.  T. . E.Hildner,  R.  M.  MacQueen,  R.  H.  Munro,  A.  I.  Poland,  and 
C.  L.  Ross,  The  speeds  of  coronal  mass  ejection  events.  Solar  Phys.  . 48,  389, 
1976b. 

Gulbrandsen,  A.  . The  solar  M-region  problem  - an  old  problem  now  facing  its  so- 
lution?, Planet.  Space  Sci.  , 23.  143,  1975. 

Intriligator,  D.  S.  , The  solar  cycle  variation  in  the  solar  wind  emd  the  modulation 
of  cosmic  rays,  Proc.  14th  Intern.  Cosmic  Ray  Conf.  , Munich,  ^.1033,1975. 

lucci,  N.  . M.  Parisi,  M.  Storini,  and  G.  Villoresi,  The  solar  cycle  modulation 
of  the  galactic  cosmic  rays  and  the  solar  flare  activity,  Proc.  14th  Intern. 

Cosmic  Ray  Conf.  . Munich.  3,  958,  1975. 

lucci,  N.,  M.  Parisi,  M.  Storini,  and  G.  Villoresi,  A study  of  the  Forbush  decrease 
effect:  the  origin  and  the  development  in  the  interplanetary  space.  Internal 
Report  of  Space  Plasma  Laboratory  - 77-2,  Rome.  February  1977. 

King,  .1.  H. . Interplanetary  Magnetic  Field  Data  Book,  National  Space  Science  Dst- 
ta  Center  - 75-04,  Greenbelt,  April  1975. 

Krieger,  A.  S.  . A.  F.  Timothy,  E.  C.  Roelof,  A coronal  hole  and  its  identifica- 
tion as  source  of  a high  velocity  solar  wind  stream.  Solar  Phys.  , 29,  505, 1973. 

McCracken.  K.  G.  . U.  R.  Rao,  and  R.  P.  Bukata,  Recurrent  Forbush  decreases 
associated  with  M-region  magnetic  storms,  Phys,  Rev.  Letters,  17.  928, 1966. 

Nolte.  J.  T.  . A.  S.  Krieger.  A.  F.  Timothy,  G.  S.  Vaiana,  and  M.  V.  Zombeck, 

An  Atlas  of  coronal  hole  boundary  positions  May  28  to  November  21,  1973, 

Solar  Phys.  , 46.  291,  1976a. 


219 


Nolte,  J.  T.  , A,  S.  Krleger,  A.  F.  Timothy,  R.  E.  Gold,  E.  C.  Roelof,  G.  Vai- 
ana,  A.  J,  Lazarus,  J.  D.  Sullivan,  and  P.  S,  McIntosh,  Coronal  holes  as 
sources  of  solar  wind.  Solar  Phys.  , 303,  1976b, 

SheeleyN.  R.  , J.  W.  Harvey,  and  W.  C.  Feldman,  Coronal  holes,  solar  wind 
streams,  and  recurrent  geomagnetic  disturbances;  1973-1976,  Solar  Phys.  , ^ 
271,  1976. 

Svalgaard,  L.  , An  Atlas  of  interplanetary  sector  structure  1957-1974,  Institute 
for  Plasma  Research,  SUIPR  report  - 629,  Stanford  University,  California, 
1975. 

Timothy,  A,  F.  , A.  S.  Krieger,  and  G.  S.  Vaiana,  The  structure  and  evolution 
of  coronal  holes.  Solar  Phys.  , 42,  135,  1975. 


220 


Modulation  of  Energetic  Solar  Particle 
Fluxes  by  Interplanetary  Shock  Waves 
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Abstract 


Due  to  the  reduction  of  the  cosmic  ray  diffusion  coefficient  in 
the  turbulent  region  behind  interplanetary  shock  waves  it  is  to  be  ex 
pected  that  solar  flare  particles  can  be  trapped  very  efficiently  in 
that  region.  In  order  to  study  the  intensity-time  variation  produced 
by  such  local  propagating  variations  of  the  diffusion  coefficient  we 
have  solved  the  time-dependent  Fokker-Planck  equation  for  the  diffu- 
sive and  convective  transport  in  three  dimensions  (time,  space  and 
energy)  numerically  by  a Crank-Nicholson  method.  The  diffusion 
coefficient  is  allowed  to  be  time,  energy  and  space  dependent.  It  is 
shown,  that  variations  in  the  intensity-time  profile  at  1 AU  are 
strongly  dependent  on  the  boundary  condition  near  the  sun,  i.e. 
whether  the  particles  are  injected  momentarily  or  whether  they  are 
stored  in  the  corona  and  injected  over  a certain  time  period. 
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1.  INTRODUCTION 


Recently,  Scholer  and  Morflll  (1975)  developed  a numerical 
model  in  order  to  explain  the  large  flux  Increases  of  low  energy  cos- 
mic rays  observed  a few  hours  before  the  arrival  of  interplanetary 
shock  waves  - the  so  called  energetic  storm  particle  events.  The 
model  is  based  on  the  assumption  that  solar  cosmic  rays  gain  energy 
due  to  successive  reflections  at  the  moving  interplanetary  shock 
front  by  the  first  order  Fermi  process.  With  a reasonable  mean  free 
path  in  front  of  the  shock  ( - 0.07  AU  for  1 MeV  protons)  Scholer  and 
Morfill  (1975)  could  simulate  intensity  Increases  by  more  than  an 
order  of  magnitude  in  front  of  the  shock  and  an  intensity  drop 
within  about  an  hour  after  the  shock  passage.  Quite  often,  however, 
the  shock  associated  flux  increase  continues  into  the  post-shock  re- 
gion and  the  subsequent  decrease  coincides  more  or  less  with  the 
following  tangential  discontinuity  separuting  the  shocked  interplane- 
tary plasma  from  the  driver  gas.  Other  examples  show  the  flux  increase 
to  be  wholly  contained  between  the  shock  and  the  tangential  disconti- 
nuity (see,  e.g.,  Kunstmcinn  and  Wibberenz,  1973).  Reinhard  (1975) 
proposed  second  order  Fermi  acceleration  in  the  post-shock  region  in 
order  to  explain  these  intensity  Increases.  Assuming  a model  for  the 
interaction  of  outwardly  propagating  Alfven  waves  (responsible  for  the 
particle  scattering)  with  an  interplanetary  shock,  Morfill  and 
Scholer  (1977a)  showed  that  Fermi  acceleration  can  compete  with 
adiabatic  deceleration  only  at  energies  below  - 1CX3  keV.  They  ob- 
tained, however,  a reduction  of  the  radial  diffusion  coefficient  in 
the  post-shock  region  by  more  than  an  order  of  magnitude.  This  (last) 
theoretical  result  has  also  been  confirmed  experimentally  for  cer- 
tain interplanetary  shock  waves  (Morfill  and  Scholer,  1977b).  It  is 
therefore  of  some  interest  to  examine  how  such  a (measured  and  theo- 
retically predicted)  reduction  of  the  diffusion  coefficient  in  the 
post-shock  region  will  alter  the  over-all  intensity-time  profile. 

This  report  summarizes  preliminary  numerical  calculations  concerning 
the  effect  of  localized  travelling  regions  in  the  interplanetary 
medium,  containing  different  diffusion  coefficients,  on  solar  parti- 
cle intensity  time  profiles. 


222 


( 


2.  THKMOUKl, 


We  assume  that  the  propagation  of  cosmic  rays  In  Interplanetary 
space  can  be  described  by  a spherically  symmetric  diffusion-convec- 
tion equation  for  the  omnidirectional  intensity  U(r,T,t)  as  a func- 
tion of  radial  distance  r,  energy  T and  tine  t: 
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where  k is  the  radial  cosmic  ray  diffusion  coefficient  and  the 

solar  wind  velocity.  Following  Webb  and  Quenby  (1973)  we  have  solved 

Kq.  (1)  numerically  by  a Crank-Nicholson  method.  Since  we  include  T 

as  a third  independent  variable  (in  addition  to  r and  t)  we  use  the 

alternating  direction  modification  of  the  Crank-Nicholson  method  as 

deBoribed>  e.g.  in  Fisk  (1976).  Details  of  the  numerical  procedure 

can  be  found  in  Scholer  (1977).  We  assumed  a power  law  dependence  of 

K on  T,  writing  n « k (r,t)  (T/T  )®,  where  T = 1 MeV  and  k (r,t)  is 

O 0 0 o 

the  value  of  >.  at  1 MeV.  (^asllinear  theory  of  particle-wave  inter- 
action shows  that  if  magnetic  field  fluctuations  have  the  spectral 
form  P ' £ " this  results  in  the  above  energy  dependence  of  the 
diffusion  coefficient,  where  a ■ (3-n)/2.  Since  we  want  to  study  the 
influence  of  the  low  raillal  diffusion  coefficient  in  the  post-shock 
regime  on  the  intensity-t inv*  structure  of  solar  flare  particles  we 
assume  that  a region  of  reduced  «•  is  propagating  with  a velocity  Vg 
gveater  than  the  solar  wind  velocity  through  the  interplanetary 
medium:  At  the  time  of  the  particle  injection  at  the  sun  a shock 
front  propagates  with  velocity  Vg  into  the  interplanetary  medium. 
Behind  this  front,  the  diffusion  coefficient  is  reduced  from  a value 
K,  in  the  undisturbed  solar  wind  to  a value  ^ . This  low  value  per- 
slats  up  to  a second  front  which  starts  from  the  sun  at  the  same  time 
but  with  a lower  velocity  Since  we  want  to  identify  this  second 

front  with  the  tangential  discontinuity,  V,pp  should  be  equal  to  V^^^  . 
the  solar  wind  velocity. 

The  numerical  code  can  only  handle  smooth  transitions  between 
regions  of  different  diffusion  coefficients.  Therefore  we  set  (with 
some  small  value  ir) : 
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<Jr,t)  = for  1 r < Vgt 

K^(r,t)  = <1  - ("i-Kj)  exp  {-(V^jjt-r)2/Ar2)  for  r < 

K^(r,t)  = Kj  -(iCj-K^)  exp  ( - (Vgt-r ) ^/Ar^  } for  r > Vgt 

We  have  not  attempted  to  simulate  any  realistic  post-shock  flow 
pattern  yet,  so  that  Vg^^  = const,  everywhere.  The  program  can  be 
used  with  different  initial  conditions,  i.e.  we  can  either  use  a 
delta-function  injection  at  the  sun,  or  we  have  a continuous  in- 
jection of  the  form  U ' exp  {-t/r)  with  a time  constant  t. 


3.  RESULTS 


Some  of  the  numerical  results  are  presented  in  Figures  1 to  3 . 

We  used  a solar  wind  velocity  of  600  km/sec  and  a pre-to-posb- shock 

ratio  of  the  diffusion  coefficient  of  10.  k is  the  diffusion  coeffi- 

0 

cient  in  the  pre-shock  region  at  1 MeV,  the  power  law  dependence  of 
ic  on  T is  given  by  k ' t°'^^  (power  spectral  index  n = 1.5).  Figure  1 
shows  in  the  upper  panel  the  intensity-time  profile  at  1 AU  for  a 
continuous  injection  with  t = 10  hours,  in  the  lower  panel  t was 
assumed  to  be  5 hours.  Figure  2 shows  in  the  upper  panel  the  profiles 
for  a delta  function  injection  with  the  ssune  parameters.  The  different 
profiles  represent  0.4,  1.0,  2.0  and  4.0  MeV  protons.  In  the  lower 
panel  we  have  again  assumed  a delta  function  injection  but  the  pre- 
shock diffusion  coefficient  has  the  unrealistic  low  value  of 
20  2 

10  cm  /sec  at  1 MeV.  The  time  difference  between  the  appearance  of 
the  "shock"  and  the  "tangential  discontinuity"  is  rather  large  in 
this  model.  We  have  therefore  arbitrarily  assigned  a velocity  V^^ 
greater  than  the  pre-shock  solar  wind  velocity  to  the  sunward 

edge  of  the  region  of  reduced  diffusion  coefficient.  Results  are 
shown  in  Figure  3 for  a delta  function  injection  (upper  panel)  and 
a continuous  injection  with  x = 5 hours  for  0.4  and  1 MeV. 
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Kiyurt'  1.  Intensity-time  profile  of 
0.4,  1.0,  2.0  and  4.0  MeV  protons 
at  1 AU.  A continuous  injection  at 
the  sun  with  an  e-folding  time  of 
T = to  h (upper  panel)  and  t “ 5 h 
(lower  panel) , was  assumed. 


4.  DISCUSSION 


The  numerical  results  presented  above  show  tliat  a reduction  of 
the  diffusion  coefficient  in  the  post-shoc)c  region  by  an  order  of 
magnitude  together  with  a long  lasting  injection  can  easily  result  in 
observable  flux  increases  behind  interplanetary  slioctis  for  solar  par- 
ticles in  the  1 MeV  region.  A reduction  of  the  radial  diffusion  coef- 
ficient of  an  order  of  magnitude  has  indeed  been  derived  in  some 
cases  from  interplanetary  plasma  and  field  data  - see  Morflll  and 
Scholer,  1977b. 
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Kiijufo  2.  Intensity-t  irao  profile  of 
0.4,  1.0,  2.0  .iiul  4.0  Mt'V  protons  at 
1 All.  For  this  case  a delt.a  function 
injection  was  assumoi.1. 

A drop  in  the  intensity  .it  the  "taiuient  i.il  discontinuity"  c.^n , c 
course,  not  be  slmulatt\l  by  our  simple  model.  Tills  would  require  the 
Introduction  of  .an  additional  boundary  condition  at  the  sunw.ard  edqe 
of  the  req ion  with  the  reduced  diffusion  coetticlent  and,  in  addition 
.a  lonqitudinal  dependence.  We  have  not  trie.!  to  simulate  t tu'  plasnua 
flow  in  the  pvist-shock  reqlon  (which  wouKl,  for  Instance,  result  also 
In  enhanced  adiabatic  deceleration,  as  shown  by  e.q.  Morflll  and 
Scholer,  l‘)77a).  Since  this  Is  the  main  simplification  of  our  present 
model  further  work  is  aimed  at  a more  realistic  shock  - tvangentlal 
discontinuity  description,  and  although  we  e.\pect  the  overall  effects 
reported  here  to  still  be  present  In  a more  retiniHl  model,  their  mag- 
nitude may  change  si'mewhat . Figure  4 sunmiarizes  our  view  on  shock 
associated  particle  Intensity  Increases.  We  believe  t h.at  FSF  evtuil  s 


cem  be  explained  quite  satisfactory  by  repeated  reflections  at  tl\e 
moving  shock  front.  The  short  time  Intensity  Increases  - the  so- 
called  shock  spikes  ~ are  probably  due  to  acceleration  by  repeated 
crossing  of  the  shock  front  at  almost  perpendicular  shocks  (e.g.  Chen 
and  Armstrong,  1975). 
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Figure  3.  Intensity-time  profile  at 
1 AC  of  0.4  and  1.0  MeV  protons  for 
a S-function  injection  (upper  panel) 
and  a continuous  injection  with 
t « 5 h (lower  panel).  The  svmward 
side  of  the  region  of  reduced  dif- 
fusion coefficient  has  a higher  ve- 
locity tlian  the  solar  wind  velocity. 


It  should  be  pointed  out  that  the  physical  process  is  the  same  in 
both  cases.  For  oblique  shocks  - and  this  should  be  the  average  case 
between  the  sun  and  1 AU  - one  needs,  however,  repeated  reflections 
in  order  to  obtain  a leasutiable  energy  gain.  If  the  shock  is  almost 
perpendicular  one  or  a few  reflections  will  be  sufficient.  Intensity 


increases  behind  interplanetary  shocks  may  in  the  case  of  low  parti- 
cle energies  be  due  to  second  order  fermi  acceleration  in  the  post- 
shock turbulent  region,  or  at  the  higher  energies  due  to  diflusive 
"trapping"  of  particles  in  the  post-shock  fluctuations,  as  shown  in 
this  report.  The  real  situation,  however,  will  be  a weighted  mixture 
of  all  cases. 
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Figure  4.  Schonjutic  representation  of  dlfteront  processes  leading  to 
shock  associated  intensity  Increases  of  solar  energetic  particles. 
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Discussion 


Sarris!  Tangential  discontinuities  are  convected  with  the  solar  wind 
velocity.  In  your  model,  how  could  you  have  the  tangential  dis- 
continuity moving  with  respect  to  the  solar  wind? 

Scholer;  We  have  not  simulated  a realistic  plasma  and  field  topology 
in  the  post-shock  region  but  have  examined  the  effect  of  localized 
travelling  regions  in  the  interplanetary  medium,  containing 
different  diffusion  coefficients,  on  the  particle  intensity  pro- 
files . 


Sarris:  You  showed  a smooth  profile  in  the  paiticle  intensities 

across  the  tangential  discontinuity.  Does  that  mean  that  you  have 
assumed  cross-field  diffusion?  llow  did  you  obtain  a smooth 
transition? 

Scholer:  We  did  not  introduce  any  boundary  condition  in  the  numer- 

ical calculations  at  the  sunward  edge  of  the  region  with  a red'’'''‘d 

diffusion  coefficient  so  that  we  have  not  really  simulated  a 
tangential  discontinuity. 

Armstrong:  We  do  not  see  many  large  angle  obligue  sliocks.  and  when 

they  happen  the  energetic  particle  effects  iire  small.  You  could 
have  ESr  also  involved  with  a small-angle  shock  spike'  event. 

Scholer:  For  near  parallel  shocks,  the  magnetic  field  enhancement 

behind  the  shock  should  be  small.  Thus  we  would  not  expect 
magnetostatic  reflection  to  be  imp.ortant  and  would  agree  therefore 
with  your  comment.  An  association  of  F.SP  events  (as  inferred  from 
our  model)  and  shock  spike  events  should  also  exist  for  shocks  as 
they  become  more  perpendicular. 

Krimigis:  An  est..ntial  reguirement  for  any  ESP  model  is  th.it  it 

should  adequately  account  for  both  the  intensity  and  anisotropy 
profiles.  Your  model  accounts  for  typical  observed  intensity 
profiles  but  cannot  account  for  the  observed  anisotropies.  A 
diffusion  coefficient  of  ilO*’  to  10^*^  cm^/sec  is  incompatible 
with  observed  anisotropies  with  4 ' 0.5  and  often  > 1.  Thus,  I do 
not  believe  that  diffusion  models  for  ESP  events  can  adequately 
account  for  the  observations.  Would  you  comment  on  this  [loint? 

Scholer:  Firstly,  we  obtained  a typical  intensity  profile  only  for 

a radial  diffusion  coefficient  of  '5  x 10^ ° cm' /sec  (parallel 
diffusion  coefficient  - which  is  the  important  quantity  for  the 
field  aligned  anisotropy  - of  ■vlO^'  cm^ 'sec)  for  1 MeV  protons. 
Secondly,  the  calculated  radial  anisotropy  is  about  50%  directed 
away  from  the  shock  in  front  as  well  as  behind  the  shock  (for 
about  one  hour)  in  our  calculations.  The  low  value  of  the 
diffusion  coefficient  which  you  mention  should,  at  times,  occur  in 
the  post-shock  region  only,  and  does  not  influence  the  calculations 
for  the  ESP  events  greatly  because  they  are  due  to  scattering  of 
the  energetic  particles  in  front  of  the  shock  in  our  model. 
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Abstract 

We  have  analyzed  interplanetary  magnetic  field  and  plasma  data 
obtained  during  the  passage  of  four  flare  generated  shock  waves  with 
accompanying  energetic  solar  particles.  Using  magnetic  field  power 
spectra  the  ratio  of  the  parallel  cosmic  ray  diffusion  coefficients 
in  the  pre-and  post-shock  regions  as  well  as  the  averaged  radial 
cosmic  ray  diffusion  coefficient  is  calculated.  The  results  are 
discussed  in  terms  of  the  location  of  the  shock  wave  generating  flare 
on  the  sun's  surface. 
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1.  INTRODUCTION 


It  is  well  known  that  the  existence  of  an  interplanetary  shock 
wave  during  solar  flare  events  can  greatly  alter  the  intensity  time 
profile  of  the  energetic  flare  particles.  In  addition  to  the  energetic 
storm  particles,  which  have  been  interpreted  by,  e.g.  Scholer  and 
Morfill  (1975)  as  being  due  to  repeated  reflections  at  the  shock,  be- 
hind the  shock  the  background  plasma/field  topology  is  greatly  modi- 
fied. Morfill  and  Scholer  (1977)  have  argued  on  theoretical  grounds 
that  this  leads  to  a considerable  reduction  of  the  radial  cosmic  ray 
diffusion  coefficient  in  the  post-shock  region.  Thus,  sub-MeV  par- 
ticles injected  in  the  post- shock  region  have  little  chance  to  "leak 
out",  since  diffusion  will  become  smaller  relative  to  the  convection 
term. 


It  is  therefore  of  great  importance  to  verify  the  theoretically 
predicted  reduction  of  the  radial  diffusion  coefficient  experimental- 
ly. This  report  is  the  result  of  an  analysis  of  observations  obtained 
during  the  passage  of  four  interplanetary  shocks. 


2.  OBSERVATIONS 


We  have  chosen  for  our  analysis  four  solar  flare  associated 
interplanetary  shocks  with  accompanying  energetic  particles.  The  days 
of  the  shock  occurrence  and  the  pre-and  post-shock  plasma  and  magne- 
tic field  parameters  are  listed  in  Table  1.  The  plasma  parameters 
(density  n and  solar  wind  velocity)  of  the  March  8,  1970  shock  are 
from  Vela  5 (Montgomery  and  Bcune , 1971).  The  plasma  parameters  of  the 
March  6,  1972,  May  15,  1972  and  June  17,  1972  shocks  are  from  Heos  2 
and  were  generously  supplied  by  H.  Grilnwaldt.  Magnetic  field  vector 
measurements  every  30  sec  for  the  March  8,  1970  flare  from  Heos  1 and 
for  the  other  three  flares  from  Heos  2 were  generously  supplied  by 
P.C.  Hedgecock. 
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Table  1.  The  plasma  and  magnetic  field  parameters  in  the  pre-(index  1) 
and  post-shock  region  (index  2).  n » solar  wind  density,  V « solar 
wind  velocity,  B « magnetic  field  strength,  P » power  at  1 Hz, 
q “ exponent  of  magnetic  field  power  spectrum; 


March  8,  1970 

March  6,  1972 

May  15,  1972 

June  17,  1972 

n,  (cm 

8 

5.8 

21 

4.5 

(km/sec) 

370 

370 

342 

4 70 

B,  (y) 

8.0 

3.9 

8.7 

7.4 

nj  (cm  '^) 

13 

18.0 

65 

13.8 

Vj  (km/sec) 

860 

590 

4 80 

610 

Bj  (y) 

25.5 

5.9 

17.3 

19.8 

Pqi  (yVh^) 

20.5 

0.4 

0.53 

0.89 

0.43 

1 .0 

1.15 

1.15 

^02 

4.5 

3.2 

2.06 

5.5 

<*2 

1 .41 

1 .2 

1 .40 

1.13 

^ ??? 

68° 

36° 

- - 

85° 

We  have  calculated  an  average  magnetic  field  B during  a ~ two 
hour  interval  in  front  of  the  shock  (index  U and  behind  the  shock 
(index  2).  In  case  the  tangential  discontinuity  occurred  within  the 
two  hour  interval  behind  the  shock  we  have  taken  only  an  average  up 
to  the  appearance  of  the  tangential  discontinuity . The  components  of 
the  magnetic  field  were  then  computed  in  a coordinate  system  with 
one  vector  parallel  to  B and  two  other  vectors  perpendicular  to  P 
and  perpendicular  to  each  other.  These  magnetic  field  data  have  been 
subjected  to  power  spectral  analysis  by  the  Blackman  and  Turkey 
method. 
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Flqure  1.  Maqnetic  field  power  soectra 
for  the  component  perpendicular  to  the 
averaqe  maqnetic  field  durinq  the  ore- 
(circles)  and  post-(trianqles)  shock 
time  periods.  Time  periods  are:  1200  - 
1424  UT  and  1424  - 1626  UT  on  March  8, 
1970  and  1626  - 1835  UT  and  1853  - 2030 
UT  on  May  15,  1972. 


Figures  1 and  2 show  the  power  perpendicular  to  B for  the  four 
shocks.  Circles  are  for  the  power  in  the  ore-shock,  triangles  for  the 
power  in  the  post-shock  region.  Representing  the  power  by  a power  law 
in  frequencv  f:  P = f we  have  determined  P^  and  q.  The  values  are 

given  in  Table  1 . From  the  average  maqnetic  field  vectors  Bj  and  §2 
in  the  nre-and  post-shock  region  it  is,  in  principle,  possible  to 
determine  the  shock  normal  bv  anolving  the  coplanaritv'  theorem.  Such 
a determination  is,  however,  highlv  uncertain  and  we  have  marked  the 
angle  between  the  shock  normal  S and  the  radial  direction  r in  Table  1 
with  three  question  marks.  As  can  be  seen  from  Figures  1 and  2 the 
power  in  the  post-shock  region  is  generally  larger  bv  about  an  order 
of  magnitude  than  the  corresponding  power  in  the  pro-shock  region. 
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Figure  2.  Magnetic  field 'power  spectra  for  the  component 
perpendicular  to  the  average  magnetic  field  during  the  pre- 
(circles)  and  post- (triangles)  shock  time  periods.  Time 
periods  are:  1800  - 2107  UT  and  2108  - 2200  UT  on  March  6, 
1972,  and  1000  - 1314  UT  and  1314  - 1700  UT  on  June  17,  1972. 
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The  spectral  exponent  may  also  differ  in  the  two  regions,  in  contrast 
to  the  simple  model  used  in  Morflll  and  Scholar  (1977). 


3.  rosMic  RAY  m^'^■llsr()^  cokkfu  iknt 


In  relation  to  energetic  solar  particles,  which  average  over 
medium  scale  fluctuations  as  well  as  flux  tubes,  a similar  average  of 
the  parameters  influencing  the  diffusion  coefficient  is  not  possible 
using  a single  spacecraft.  The  reason  for  this  is  that  suitable  averag- 
ing accuracy  is  only  obtained  if  sufficient  flux  tubes  and/or  medium 


I 

■ ■■  ....  „ 
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scale  fluctuations  are  used,  and  for  that  the  measui  iinj  period  (lie- 
tween  shock  and  driver  ijas)  Is  too  short. 

In  order  to  circumvent  this  difficulty  we  make  use  ol  the  results 
of  Morflll  and  Scholer  (l')77)  that  the  "directional  averaijitni"  (avei  au* 
Ini]  over  the  directional  fluctuations  of  t tie  backurouiul  mauintii-  fteld 
h over  medium  scales  and  flux  tubes)  Is  dominated  by  those  Instances 
wlien  tlie  atutlo  between  the  wave  vectoi  k aiul  13  Is  less  than  .tiW  . In 
tliat  case,  t lie  spatial  diffusion  coefflcU'iit  Is  almost  uiveii  by  the 
ax  Isyiiunct  r Ic  (k  jj  b)  solution  (e.u-  llasselmunn  .md  Wibbetcn.^,  l<)ti(t) 


H 


il.ixl 


__1  _ 
■(4'm)T2-m) 


( 1 ) 


where  m » eli/rac  and  v the  particle  velocity.  Tho  d i rci-t  i on.>  1 1 y ai’cr- 
aijed  diffusion  coefficient  is  laruer  than  the  axlsymmetilc  value  by 
an  amount  dependlnq  on  the  ratio  p ^ 1 / ( f ract  ii'ii  of  easeti  where  k and 
It  have  an  anc|ulnr  separat  Ion  < 30°).  It,  thert'fore,  the  distribution 
of  medium  scale  backuround  field  directions  is  fairly  broad  alu'ut  t he 
lonq  term  avevaqe  value,  { xn  ) Is  proport ional  xm  and  ( x ) Is 

j 11  ' 

proportional  to  xi  >.'os*'\,  wlu'ie  x Is  t lu'  Imui  term  .iverauv'  tield 
1,  *-\X  I 

dlrov’tlon.  Thus 

^ ’'■f  ^befoie  *' il.ix  I (be  f oi  e)  ^before  ... 

_U ( J ) 

'S-  ^after  jj  ax  i (a  f t er ) ^after 

iVhilst  most  quantities  in  (1)  are  relattvi'ly  s t t a i uh  t I oi  wa  i d to 
measure,  the  main  problem  oceu'  s witli  \ and  the  assuirpt  ion  nj, 

''ifter'  approximately  (to  within  a taeti'i  .!)  sat  istiisi 

if  the  d I rect  ti'iKi  1 distribution  ot  flux  tubes  and  movilura  sv-ale  tiuc- 
tu.it  Ions  is  as  wldi'  .is  lonq  ti'im  measurements  in  i nt  ei  pi  .met  .i  ry  space 
le.id  us  to  believe.  The  determ  I n.U  i on  of  \ Is  more  difficult.  As 
mentioned  befort>,  we  cannot  simply  t .ike  lonu  term  .iveraqe  v.il.ies  it 
we  want  to  invest  Iqate  ludlvivtual  examples.  On  the  other  hand,  wc  h.ivr 
only  .1  llmlteil  s.imple  of  flux  tubes  .in.i  medium  se.ile  t luctu.it  Ions  toi 
our  ilet I'lni  1 n.i t ion  of  \ (at  1 .AtU  , .i  s.imple  which  m.iy  not  be  i epresen- 


2:t(; 


i 


t 

I 

i 

tative  of  the  situation  as  a whole  - as  seen  by  the  energetic  particles 
(which  sample  the  fluctuations  during  their  whole  passage  from  the  sun 
to  the  detector) . There  is  nothing  one  can  do  about  this  uncertainty, 
except  to  take  the  measurements  at  face  value  and  it  may  well  be  that 
the  uncertainties  in  x distort  the  calculations  in  such  a way  that 
expression  (2)  is  too  inaccurate  for  a reasonable  microscopic  de- 
scription of  the  solar  wind  medium.  Inserting  the  par^unetera  given  in 
Table  1 in  Eq.  1 and  2 we  obtain  the  ratios  (H|| before^ ^’‘l|axi> after 
(dashed  line)  and  ^''•r^before^^^r^ after  line)  shown  in  Figures 

3 and  4 . 


Figure  3.  The  ratios  of  the  parallel  (dashed  line)  and 
averaged  radial  (solid  line)  diffusion  coefficients  vs 
energy.  Index  1 stands  for  the  pre-,  2 for  the  post- shock 
region  respectively. 
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Figure  4.  The  ratios  of  the  parallel  (dashed  line)  and 
averaged  radial  (solid  line)  diffusion  coefficients  vs 
energy.  Index  1 standsi  for  the  pre-,  2 for  the  post- 
shock. region  respectively. 


4.  OI.S(UIS.S|ON 


From  the  Interplanetary  field  and  olasma  data  examined  during  the 
four  events  described,  we  see  that  the  power  In  the  magnetic  fluctu- 
ations is  always  significantly  enhanced  behind  the  shock  as  compared 
to  the  region  In  front  of  the  shock.  All  other  things  being  equal,  one 
would  expect  an  appropriate  reduction  In  the  parallel  spatial  dif- 
fusion coefficient,  since  ay  is  proportional  to  1/P(fppg).  The  fact 
that  the  calculations  do  not  show  this  simple  dependence  (see  especial- 
ly the  March  8,  1970  event)  is  attributed  largely  to  the  Increase  In 
the  magnetic  field  strength  behind  the  shock,  wliich  Increases  the  re- 
sonant frequency  Since  P ~ f (with  q typically  >1)  is  a good 

r©  s 

approximation,  we  see  that  those  interplanetary  shocks,  which  have  a 
large  Increase  In  field  strength  associated  with  them,  may  not  neces- 
sarily have  a reduced  parallel  spatial  diffusion  coefficient  in  the 
post-shock  region. 
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Second  feature  to  notice  is  the  relative  magnitude  of  the  radial 
diffusion  coefficient  ►;  , which  depends  on  the  direction  of  the  aver- 
age magnetic  field  relative  to  the  radius  vector.  Clearly,  the  usual 
jump  conditions  at  the  shock  require  • D^2  “ 0.25  B.j,^ , 

i.e.  the  tangential  component  of  the  IMF  is  enhanced  hy  a factor  4 
in  the  post-shock  region.  This,  mainly,  accounts  for  the  observed 
changes  in  field  direction.  For  k , however,  we  are  interested  in  tlie 
magnetic  field  direction  relative  to  a fixed  axis  (r)  - and  it  is 
verified  that  different  shock  surfaces  will  also  cause  different 
values  of  \ in  the  post-shock  region.  As  an  exeimple  let  us  consider 
the  following  cases: 

If  the  IMF  in  the  pre-shock  region  is  approximately  given  by  tlie 

Archimedian  spiral  field,  and  if  the  shock  normal  is  radially  directed, 

X (the  angle  between  B and  r)  is  larger  in  the  post-shock  region  (see 

2 

Morfill  and  Scholer,  1977)  and  tlius  “ v.||COS  x would  be  reduced 
even  more  relative  to  the  pre-shock  value.  If,  however,  the  shock 
front  is  placed  in  such  a way  tliat  the  shock  normal  makes  a larger 
angle  with  the  radius  vector,  then  the  Archimedian  spiral,  \,  would 
become  smaller  in  the  post-shock  region,  and  tluis  would  increase 
relative  to  the  pre-shock  value.  (This  latter  case  corresponds  to  the 
June  17,  1972  observations,  where  the  ratio  of  the  radial  diffusion 
coefficient  is  smaller  than  that  of  tlie  corresponding  parallel  dif- 
fusion coefficients.) 


Clearly,  each  individual  event  has  to  bo  analyzed  on  its  own 
merit,  and  one  cannot  make  sweeping  statements  concerning  Die  size  of 
the  radial  diffusion  coefficient  in  the  post-sliock  region  - altliougfi 
presximably  the  average  situation  (described  by  Morfill  and  Scholer, 
1977)  will  apply  in  many  cases.  One  trend  is  predicted  by  our  analy- 
sis, however,  which  is  open  to  furtlier  observations.  If  we  take  the 
shock  surface  in  the  ecliptic  plane  as  tl:at  Inferred  by  e.g.  T.iylor 
(1969)  and  Hirshberg  (1968),  it  is  clear  tliat  east  limb  flares  would 
on  average  yield  more  perpendicular  shocks  (i.e.  sl:ock  normal  v’ervH'n- 
dlcular  to  the  quiet  time  average  IMF)  and  west  limb  flares  would  oi: 
average  yield  more  parallel  shocks  (i.e.  shock  nonnal  v'arallel  to  the 
quiet  time  average  IMF).  Central  meridian  flares  will  l\ave  sliock 
normals  which  are,  on  average,  parallel  to  r.  Now,  our  proceeding 
analysis  has  shown  that  both  for  perpendicular  and  parallel  shocks 


the  angle  x cannot  vary  greatly  (and  is  then,  on  average,  given  by 
the  Archimedian  spiral  angle).  We  thus  have; 


ic||  (after) 

K II  (before) 


(after) 


(before) 


West  limb  flares 

<<  1 

Increase  in  power  not 
accompanied  by  increase 
in  B for  parallel  shocks 

Central  Meridian 

< 1 

j East  limb  flare 

> 1 

Due  to  large  increases 
in  B for  perpendicular 
shock 

About  the  same  as 
parallel  diffusion 
coefficients 
(x  unchanged) 


1 or  <<  1 

due  to  increase  in  x 


About  the  S£ime  as  par- 
allel diffusion  coef- 
ficients (x  unchanged) 


For  solar  energetic  particles  this  would  imply  a greater  chance 
of  becoming  trapped  behind  a shoc)c  (with  tc^.  (after)  <<  (before)) 
which  belongs  to  a central  meridian  or  west  limb  flare.  Such  flares 
should,  on  the  basis  of  our  calculations,  have  a statistically  greater 
lij^elihood  of  enhanced  (or  at  least  not  reduced)  energetic  solar  par- 
ticle fluxes  in  the  post-shock  region. 
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Discussion 


Domingo:  I would  like  to  mention  that  for  the  particle  flux  profile 

(low  energy  protons)  around  the  6 March  1972  shock  we  have  an 
alternate  explanation  based  on  the  fact  that  the  different  flux 
levels  observed  come  from  different  regions  in  the  solar  surface, 
that  may  be  connected,  more  or  less  efficiently,  to  the  particle 
sources  by  coronal  transport.  These  results  will  be  presented 
at  the  15th  International  Cosmic  Ray  Conference  to  be  held  in 
Plovdiv,  Bulgaria  in  August  1977. 

Morfill;  This  statement  amazes  me  a little  bit,  because  in  order  to 
map  the  field  lines  back  to  the  sun  you  would  need  a reliable 
two-  (or  maybe  even  three-)  dimensional  model  of  MHD  shocks,  and 
as  far  as  I know  such  models  are  only  very  crude  right  now. 
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Abstract 


The  shock  spikes  of  15  May,  6 June,  13  September  and  18  October  1972  are  dis- 
cussed using  the  low-energy  proton  channels  of  the  SSD/ESA  detector  systems  onboard 
HEOS-2.  It  is  found  that  the  magnitude  of  the  shock  spike  increases  with  the  angle 
between  the  shock  normal  and  the  upstream  interplanetary  magnetic  field,  in  agreement 
with  theoretical  predictions  of  particle  acceleration  at  shock  fronts.  In  addition 
to  the  shock  spike  a general  increase  of  the  particle  fluxes  is  observed  within  a few 
hours  of  the  shock  passage.  There  is  evidence  that  these  increases,  which  are 
tentatively  identified  as  ESP  events,  are  due  to  the  same  acceleration  mechanism. 

This  follows  from  the  correlation  of  the  size  of  the  ESP  event  with  the  size  of  the 
shock  spike  and  also  from  anisotropy  measurements. 


1) 


Now  at: 


Laboratorio  Plasma  Spazio,  CNR,  Frascati, 


Italy. 
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1.  INTRODUCTION 


Shock  spikes  are  short-lived  low-energy  particle  Intensity  increases  observed 
within  a few  minutes  of  the  passage  of  an  interplanetary  shock  wave.  Shock  spikes 
are  also  known  as  LESP  (low-energy  storm  particles)  and  should  not  be  confused  with 
ESP  (energetic  storm  particles)  events,  which  typically  last  several  hours  and  are 
only  loosely  correlated  with  shocks.  Shock  spikes  have  been  the  subject  of  many 
studies  and  different  mechanisms  have  been  proposed  to  explain  the  observations. 
There  is  little  doubt  that  shock  spike  particles  are  accelerated  by  the  interaction 
with  the  plasma  shock  wave  and  it  is  also  generally  agreed  that  sweeping  and  albedo 
acceleration  (single-step  Fermi  acceleration)  can  only  explain  moderate  spike  events 
(30-40%  increase  above  the  ambient  flux  level). 

Therefore,  a number  of  multi-encounter  models  have  been  discussed.  Van  Allen 
and  Ness  (1967)  and  Fisk  (1971)  considered  acceleration  by  repeated  reflections 
between  the  moving  shock  and  upstream  magnetic  field  irregularities.  Axford  and 
Reid  (1963)  and  Ogilvie  and  Arens  (1971)  discussed  acceleration  by  repeated  reflec- 
tions between  the  moving  shock  and  the  Earth's  bow  shock.  Although  these  accelera- 
tion mechanisms  may  exist,  the  model  predictions  of  anisotropies  and  spectra  are  in 
disagreement  with  some  of  the  well-documented  spike  events. 

Sonnerup  (1969)  and  Singer  and  Montgomery  (1971)  pointed  out  the  importance  of 
the  angle  between  the  shock  normal  and  the  upstream  interplanetary  magnetic  field 
and  its  relation  to  the  energy  gain  in  the  acceleration.  However,  this  is  not  a 
single-encounter  process  as  these  authors  had  assumed,  but  a multiple-encounter 
(Sarris  and  Van  Allen,  1974;  Chen  and  Armstrong,  1975).  If  the  magnetic  field  stays 
almost  perpendicular  to  the  shock  normal  for  several  minutes  the  particles  are  con- 
fined to  the  shock  and  cross  the  shock  front  repeatedly,  thus  being  accelerated 
within  a few  minutes.  Clearly,  the  acceleration  mechanism  is  only  effective  if, 
and  as  long  as,  the  angle  between  the  interplanetary  magnetic  field  and  the  shock 
front  normal  is  large. 

It  is  the  purpose  of  this  paper  to  test  this  prediction  with  low-energy 
particle  data  from  HEOS-2.  Analysing  all  suitable  shock  spikes  during  the  2j  years 
lifetime  of  HEOS-2  we  find  that  the  observations  are  in  agreement  with  the  predic- 
tion. 


2.  THE  DATA 


The  particle  data  were  obtained  by  the  SSD/ESA  experiment  on  HEOS-2  (Kohn  et 
al.,  1972)  comprising  two  solid  state  detector  systems.  For  this  study  we  used  the 
low  and  medium  energy  proton  channels  of  the  main  telescope  (0.8-1  MeV,  1-9  MeV, 

9-12  MeV)  which  was  mounted  perpendicular  to  the  spin  axis,  and  the  0.6-5  MeV 
protons  of  another  telescope,  which  was  pointed  antiparallel  to  the  spin  axis. 

Either  spin-averaged  data  with  a time  resolution  of  'v  2 minutes  or  'angular'  data 
in  4 sectors  with  a time  resolution  of  "v  8 minutes  were  obtained  for  the  1-9  MeV 
and  9-12  MeV  protons.  Due  to  this  limited  time  resolution  the  detailed  structure  of 
the  shock  spikes  cannot  be  resolved.  Therefore,  we  restrict  ourselves  to  determine 
the  magnitude  of  the  spike  and  its  location  with  respect  to  the  shock.  A second 
limitation  is  given  by  the  spectral  resolution,  which  is  insufficient  to  correct  the 
particle  fluxes  for  the  Compton-Getting  effect  at  times  when  the  spectrum  is  not  a 
simple  power- law. 
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The  HL'OS-.’  nkignetie  tieiJ  Jat.i  with  j time  i-esolutiou  ot  seconds  wei-e 
I'j'ovidt'd  by  Dr.  P.O.  Hedgecock.  The  direction  of  the  shock  normal  was  estimated 
using  plasma  and  magnetic  field  data  assuming  the  validity  of  the  Kankine-Hugoniot 
conservation  relations  iLev'ping  and  Argentiero,  l'J70,  ld71;  Oriinwaldt  et  al . . 197t'). 


3.  OBSKRVATIONS 


During  its  .'j  year  litetime  i I'ehruary  l')7D  - July  1^'7U)  sj'ent  about  bO'i 

of  the  time  outside  the  magnetosphere  in  interplanetary  space.  During  that  time  we 
detected  6 short-lived  particle  increases  associated  with  interplanetary  shocks  as 
identified  from  interplanetary  m.ignetic  field  data  and  storm  sudden  commencement s 
tSSO).  In  two  of  these  the  solar  proton  fluxes  were  so  high  that  several  particle 
channels  were  saturated.  In  the  followii\g  we  describe  the  main  char.tcterist  ics  oi 
the  4 rem.iining  events. 

In  Figures  1 through  4 we  display  two  low-energy  particle  channels  and  the 
magnitude  .ind  the  two  polar  co-ot\Un.ites  of  the  magnetic  field  vector  in  geocentric 
solar  ecliptic  tt'.SFl  co-oi\l inat es  for  a tew  hours  around  each  shock  spike.  The  time 
of  ttie  shock  passage  is  marked  by  a vertical  dashed  line. 

The  events  of  IS  iVt.'ivr  and  b Jto.’t’  IS.'"  t Figures  1 .ind  are  rather  similar. 
They  show  a narrow  spike  of  about  2-4  minutes  duration  within  2 minutes  of  the  shock 
tr.insit  time,  a 'pedestal'  of  about  i hour  duration  preceding  the  shock  and  an 
immediate  decrease  to  the  steady  particle  flux  level  after  the  shock.  Tlie  increases 
in  m.ignetic  field  intensity  that  occur  during  the  two  hours  prior  to  the  b June 
shock  are  slun't  encounters  of  the  Farth's  bow  shock  moving  past  the  satellite. 

The  event  of  !S  .''V{'fc”t2vr  1S7"  VFigure  ) is  by  far  the  largest  of  the  four. 

The  l-J  MeV  proton  intensity  increases  within  'll  hours  by  .ilmost  oixlers  of 
m.ignitude.  Superimposed  on  the  broad  incre.ise  is  -i  narrow  spike  just  -it  ter  the 
time  of  the  shock. 

The  shock  of  IS  !S7C  IFigure  4l  shows  a p,irticle  flux  increase  ot  about  2 

hours  width  with  a narrow  shock  spike  superimposed  at  the  time  of  the  shock 
encounter. 

Sunm.iriiing  the  observations,  we  find  in  e.ich  ot  the  4 cases  th.it 

il)  the  presence  of  sol.tr  particles  seems  tc>  be  required  for  the  production  ot  the 
shock  spikes, 

121  within  i 2 hours  .iround  the  shock  there  is  a 'pedestal'  ot  particles  whicli  is 
interpreted  .is  .in  FF-F  event  .issoci.ite.l  with  the  shock, 

tJl  the  shock  spike  is  observed  within  a few  minutes  of  the  sliock  pass.ige,  eittier 
prior  to  t 18  October,  b June,  lb  M.iy ' or  .itter  tlJ  September!  the  shock 
p.issage . 
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Figure  1.  The  shock  event  of  18  October  1972,  Proton  count  rates 
anJ  magnetic  field  vector  components  in  geocentric  solar  ecliptic 
iGSE)  co-oi\linates,  as  measured  by  HEOS-2.  The  vertical  line  marks 
the  transit  time  ot  the  shock  as  seen  in  the  magnetic  field  intensity 
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Figure  2.  The  shock  event  of  n dune  1972. 
See  Figure  1 caption 


5 


UT( hours) 

Vijiuve  J.  The  shooV  event  of  IJ  Septemher  19TJ,  The  count  rotes  of  the  1-9  MeV 
proton  ctionnel  ore  spin-overoseJ  onj  hove  o time  resolution  of  '9  min.  The  0.9- 
1 MeV  chonnel  hos  o s.omplint:  rote  of  '0  min  ond  meosuros  the  count  rote  ot  neor 
random  angles.  Thus  some  differences  in  behaviour  between  both  channels  m.oy  be 
due  to  the  differences  in  oitgulor  observation 
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4.  DISCUSSION 


Table  1 gives  the  parameters  relevant  for  the  discussion.  The  angle  between 
the  shock  normal  and  the  upstream  interplanetary  magnetic  field  does  not  vary 
significantly  for  a few  minutes  prior  to  the  shock  arrival  and  was  averaged  over 
that  time  period.  The  size  of  the  shock  spike  is  defined  by  the  ratio  of  the  1-9 
MeV  peak  flux  to  the  ambient  flux  level.  The  relative  flux  increase  of  the  ESP 
event  as  defined  by  the  ratio  of  the  ESP  peak  flux  (without  the  shock  spike)  to  the 
flux  level  before  and  after  the  ESP  is  also  listed. 


Table  1.  Shock  Characteristics 


Date 

1972 

Time  of 
Shock 

UT 

Direction  of 
Shock  Normal 
(OSE,  deg.) 

Angle 

Shock  Normal  - 
IMF  before  Shock 
(deg. ) 

Sizt 

Shock 

Spike 

? of 

ESP 

Event 

15  May 

1853 

178  19 

60 

3 

20 

6 June 

IkMS 

162  -5 

60 

1.4 

1.6 

13  Sept 

1238 

202  -23 

86 

10 

500 

18  Oct 

1759 

167  28 

71 

3 

4 

It  is  evident  from  Table  1 that  there  is  indeed  a correlation  between  the  size 
of  the  shock  spike  and  the  angle  between  the  shock  normal  and  the  upstream  inter- 
planetary magnetic  field  as  predicted  by  the  model  of  Sarris  and  Van  Allen  (197u). 

The  lai'gest  shock  spike  (IJ  September)  corresponds  to  a shock  that  was  propagating 
almost  perpendicular  to  the  magnetic  field. 

Apparently  there  is  also  a correlation  between  the  size  of  the  ESP  event  and 
the  size  of  the  shock  spike,  which  might  indicate  that  ESP  and  shock  spikes  are  due 
to  the  same  acceleration  mechanism. 

During  the  13  September  event  the  main  detector  system  obtained  angular  informa- 
tion on  the  fluxes  in  a plane  perpendicular  to  the  ecliptic,  figure  5 shows  the 
anisotropy  magnitude  and  direction  from  a least-squares  fit  of  the  measurements  to 
a cosine-distribution.  Strongly  anisotropic  streaming  from  the  Sun  is  observed 
prior  to  the  passage  of  the  shock,  i.e.  from  the  direction  of  the  arriving  shock. 
After  its  passage  the  anisotropy  is  much  smaller.  We  have  estimated  the  influence 
of  the  compton-Getting  effect  by  varying  the  particle  energj’  spectrum  within  the 
limits  of  the  channel  widths  and  the  statistical  errors.  In  each  case  the  post- 
shock anisotropy  is  either  consistent  with  isotropy  or  a moderate  sunward  flow, 
i.e.  a flow  from  the  direction  of  the  departing  shock  wave.  We  interpret  these 
results  as  indicative  of  particle  acceleration  at  the  shock  front.  However,  there 
is  also  the  possibility  that  the  strong  13  September  particle  event  is  a corotating 
solar  particle  stream  originating  in  McMath  plage  11031  at  \ W30°.  The  possibility 
of  a prompt  flare  induced  event  can  be  excluded  because  no  Ha  or  .X-ray  flare  was 
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observed  at  that  time  and  the  anisotropy  magnitude  increases  with  time,  in  contrast 
to  a flare  event,  where  it  generally  decreases. 


UT( HOURS) 


Figure  5.  10-minute  averages  of  1-9  MeV  proton  flux 
and  anisotropy  parameters  A and  4)/^  as  observed  around 
the  shock  of  13  September  1972.  41 is  given  in  space- 

craft co-ordinates,  = 360°  corresponds  to  particles 
coming  from  the  Sun  and  4’/\  = 90°  to  those  from  ecliptic 
north 


5.  SUMMARY  AND  CONCLUSION 

We  have  shown  that  there  is  a correlation  between  the  shock  spike  magnitude 
and  the  angle  between  the  shock  normal  and  the  upstream  interplanetary  magnetic 
field  as  predicted  by  the  Sarris  and  Van  Allen  model  (1974).  The  largest  shock 
spikes  are  associated  with  almost  perpendicular  shock  waves.  We  have  also  shown 
that  apart  from  the  shock  spike  there  is  a general  increase  of  the  particle 
intensity  (ESP  event),  the  magnitude  of  which  is  correlated  with  the  size  of  the 
shock  spike.  We  conclude  that  this  is  indicative  that  the  same  acceleration 
mechanism  explains  both  the  shock  spike  and  the  ambient  ESP  event.  Our  conclusion 
of  interplanetary  acceleration  of  low  energy  particles  by  the  shock  front  is 
supported  by  anisotropy  measurements  available  for  the  strongest  event  (13  September 
1972). 
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Discussion 


Krlnliilii:  You  have  stated  that  the  Fisk  model  explains  the  "snow  plow"  effect 
upstream  from  the  shock.  Yet  you  have  shown  lar)te  anisotropies,  which  are  not 
allowed  by  the  Fisk  model  (k  < lO'*  cm' /sec).  Can  you  comment  on  the  basis  for 
your  statement? 

homlngo:  The  events  of  6 June  and  18  October  are  rather  similar  In  flux  profile  to 
those  predicted  by  Fisk.  For  those  events  we  do  not  have  angular  Information. 

In  the  event  of  13  September,  1 have  mentioned  that  the  spectra  net  harder 
around  the  shuck  as  predicted  by  Fisk,  but  you  are  right,  the  observed 
anisotropy  Is  incompatible  with  Fisk's  model  prediction. 

Sarrls:  During  shuck  waves  we  have  dramatic  "sweeps"  In  solar  longitude;  therefore 
we  sample  considerably  different  regimes  of  the  solar  corona  before  and  after 
the  shock.  This  should  be  taken  Into  account  before  attempting  to  explain  the 
change  In  the  energetic  particle  Intensities  away  from  the  shock. 

Domingo;  1 agree  with  your  considerations,  but  only  a small  fraction  of  the  shocks 
are  perpendicular  shocks,  and  In  the  other  cases  a change  In  plasma  regime  needs 
not  to  be  a change  In  particle  regime  unless  the  shock  really  acts  as  a barrier. 
A greater  than  1 MeV  proton  travels  much  faster  than  the  shock. 
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Abstract 


Using  a mathematical  model  for  the  magnetic  field  topology  of  a Dryer-type 
double  shock  ensemble,  we  analyze  the  propagation  of  energetic  solar  cosmic  ray 
protons  during  the  events  of  August  1972.  The  8-hour  delay  between  the  06:20  IIT 
flare  of  August  9th  and  the  arrival  of  particles  at  high  level  detectors  is  satis- 
factorily explained  by  the  storage  effect  exerted  by  the  ensemble.  This  interpre- 
tation associated  the  observations  of  particles  with  a d-functlon  type  injection  at 
the  flare  location  and  differs  from  other  explanations  which  propose  effects  such 
as  coronal  convection,  acceleration,  etc. 


1.  INTRODUCTION 


In  this  paper  we  consider  the  effect  that  a shock  wave  ensemble  has  on  the 
propagation  of  high  rigidity  solar  protons.  We  give  a preliminary  report  of  our 
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analysis  of  the  ground  level  event  (GLE)  of  August  4th,  1972,  and  propose  a new 
interpretation  of  the  GLE  in  terms  of  trapping  of  particles  in  a storage  region 
behind  a fast  and  wide  shock  ensemble,  that  was  generated  on  August  3rd,  at  about 
0.3  AU  and  passed  by  the  earth  late  on  August  4th.  The  event  was  detected  at 
neutron  monitor  stations  with  P,.  S 2 GV  after  an  unusual  8-hour  delay  and  had  a 
sharp  onset  and  a sharp  decay. 


2.  SHOCK  WAVE  ENSEMBLE  AND  COSMIC  RAY  PROPAGATION 


Extensive  studies  on  the  characteristics,  generation,  propagation  and  evolution 
of  shock  wave  ensembles  have  been  done  by  several  workers  (Dryer,  1972,  1974;  Dryer 
et  al.,  1974a,  1974b;  Stelnolfson  et  al.,  1975a,  1975b).  These  authors  give  values 
for  the  shock  ensemble  in  the  region  less  than  1.0  AU  as  ranging  from  0.05  to 
0.25  AU.  We  note  that  these  widths  are  3 to  4 orders  of  magnitude  greater  than  the 
width  of  a simple  shock. 

Based  on  the  work  of  Dryer  et  al.,  (1974a,  b),  we  derived  a simple  model  of 
the  magnetic  field  within  the  ensemble;  the  strongly  enhanced  azimuthal  component 
was  modeled  by  a sine  function  (Figure  1).  With  the  help  of  this  model  we  have 
simulated,  by  numerical  Integration,  the  motion  of  protons  of  0.5  to  5 GV  and 
found  that  particles  are  reflected  from  the  reverse  shock  and  remain  trapped 
behind  the  shock,  bouncing  between  the  reverse  shock  and  the  more  intense  IMF 
behind  the  shock  (Perez  Enriquez  and  Call,  1976);  only  particles  with  higher 
rigidity  manage  to  cross  the  ensemble,  deviated  only  slightly  by  the  magnetic 
field  of  the  ensemble  (Figure  2).  As  the  ensemble  propagates  outward,  its  field 
decreases;  the  widths  of  the  ensemble  and  the  storage  region  Increase;  and  the 
ensemble  becomes  more  and  more  transparent  each  time  to  lower  rigidity  particles. 


Radial  distance  from  Sun  ( A U ) 


Figure  1.  Assumed  radial  magnetic  field  associated 
with  a double  shock  ensemble,  modeled  after  the  work 
of  Dryer  et  al.  (1974a,  1974b). 
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Figure  2.  Schematic  representation  of 
trajectories  of  (a)  trapped  particle,  and 
(b)  non-trapped  particle  in  the  presence 
of  a double  shock  ensemble. 


3.  THE  AUGUST  3 4,  1972  SHOCK  WAVES 


In  order  to  Interpret  the  August  4th  GLE,  we  must  first  study  the  generation 
and  propagation  of  the  forward  (F)  and  reverse  (R)  shocks.  Again,  we  use  the  re- 
sults of  the  numerical  simulation  of  the  August  disturbances  derived  by  Dryer  et  aL 
(1975,  1976)  and  represented  by  the  radius  time  diagram  shown  in  Figure  3.  The 
forward  shocks,  Fj^,  F^  and  F^,  generated  in  three  different  flares,  reached  the 

earth  at  01:10,  02:20,  and  20:54  IT,  respectively,  during  August  4th,  Including 
SSC's  and  Forbush  Decreases.  The  F^,  a very  fast  shock,  generated  by  the ’3B 

flare  was  longitudinally  very  asymmetric,  as  indicated  by  its  observation  by 
Pioneer  9 (situated  at  0.78  All,  45°  East  of  the  Earth-Sun  line)  3 hours  after  it 
reached  the  earth.  The  reverse  shocks,  formed  in  the  early  hours  of  August  3rd, 
evolved  and  formed,  with  the  forward  shocks,  (the  R2R2  - shock  ensemble),  that, 

at  the  time  of  the  3B  flare,  was  0.2  AU  wide  and  was  located  at  .''2  AO. 


4.  THE  INTERPRETATION  OF  THE  AUGUST  4TH,  1972, 
GROUND  LEVEL  EVENT 


With  the  help  of  the  magnetic  field  associated  with  the  ^282  ” ensemble, 

we  have  .simulated  about  200  proton  trajectories  Impinging  under  a wide  spectrum  of 
directions  of  incidence.  We  have  done  this  for  different  values  of  the  field 
maximum.  We  found:  (a)  a 0.6  AU  wide  storage  region  lying  behind  the  ^2*^2 

shock;  (b)  a highly  non-transparent  ensemble  to  particles  of  rigidities  below  2 GV; 


0.2  0.4  0.6  0.8  1.0  1.2  1.4 

Radiol  distance  from  sun  (AU) 


Figure  3.  Radlus-tlmc  diagram  of  the  forward  (F)  and  rcver.sc  (R)  shocks 
produced  during  August  2-A,  1972.  F*  and  R*  were  formed  at  - 0.6  AO  by 

the  Interaction  of  F^  with  a rarefaction  which  followed  Kj . 
formed  by  the  interaction  of  r'  with  R,,  which  overtook  the  former  reverse 
shock  wave  at  ~ 0.9  AU.  Then,  F*  overtook  Fj  at  ' 1.5  AU  forming  the  new 
forward  shock,  The  impending  Interactions  of  F^  with  R2'^2 

a later  time,  the  altered  F^  with  beyond  1.4  AU  arc  also  Indicated. 


and  (c)  only  by  lowering  the  maximum  B value  for  the  ensemble  at  0.98  AU,  to  about 
10  Y,  did  the  ensemble  become  transparent  to  particles  of  rigidities  R £ 1 (iV. 

The  Interpretation  of  the  GI.E  Is  Illustrated  schematically  In  Figure  4.  in 
this  compound  figure,  the  upper  part  shows  the  I vs  t curve  of  the  South  Iiie 
station  neutron  monitor,  wltlle  the  lower  part  represents  the  propagation  and 
evolution  of  the  ensemble  and  the  storage  region.  The  sequence  of  events  during 
August  4 is  summarized  as  follows: 

(1)  At  tj  ■ 01:10  and  at  t^  ■ 02:10  IT  the  forward  shocks  Fj  and  F.^  (respectively) 
reached  the  earth,  causing  consecutive  sudden  commencements. 

(2)  At  06:21  IT  a 3B  flare  occurred  at  9°E,  15°N;  the  cosmic  rays  ejected 
from  the  flare  site  promptly  read:  the  RtR.,’  wave  and  fill  the  storage  region 

extending  between  .92  and  .32  AU.  At  the  time  of  the  flare,  the  fast  F^  sliock 

wave  is  generated.  From  the  time  of  formation  of  the  storage  region  until  14:00  UT 
the  earth  remains  immersed  In  the  ensemble  and,  due  to  tlie  ensemble’s  lack  of 
transparency,  does  not  detect  any  OR  enhancement. 

(3)  At  t^  ■ 11:30  IT,  F^  reaches  the  outer  boundary  of  the  storage  region  and 

i)  starts  to  compress  It. 


I 


(4)  The  sharp  onset  of  the  GLE  occurs  at  t^  “ 14:00  UT  when  the  ^2*^2  passes  by 

the  earth;  that  is,  when  the  earth  moves  from  the  ensemble  Into  the  storage  region 
where  it  remains  for  6 hours,  the  duration  of  the  event. 

(5)  At  t,  = 20:54  UT,  the  GLE  ends  when  F,,  which  forms  the  outer  boundary  of  the 

o J 

compressed  storage  region,  reaches  the  earth. 


5.  CONCLUDING  REMARKS 


The  interpretation  of  the  August  4th,  1972,  GLE,  based  on  the  storage  effect 
of  a wide  shock  wave  ensemble  allows  a rather  satisfactory  explanation  of  the  eight 
hour  delay,  six  hours  duration,  sharp  onset  and  decay  of  the  event.  Preliminary 
study  of  the  Fermi  acceleration  and  adiabatic  deceleration  is  expected  to  take 
place  in  the  region  between  F^  and  the  R2R2  shocks  (Plrez  and  Lara,  private  communi- 
cation); only  a weak  acceleration  is  expected  in  the  GV  range  which  would  Increase 
the  transparency  of  the  ensemble;  this  effect  could  account  for  the  small  "pre- 

increase"  and  the  changes  in  t with  the  latitudes  of  the  stations. 

max 

The  interpretation  of  the  GLE  proposed  here  contrasts  with  the  ones  previously 
published.  Poraerantz  and  Duggal  (1974)  associate  the  ground  level  event  with  low 
energy,  non-relativistic  particles,  present  in  the  interplanetary  medium  and 
accelerated  between  the  F^  and  shocks;  the  earth  remaining  immersed  in  the 

accelei'ation  region  all  the  time  from  the  flare  to  20:50  UT.  Lockwood  et  al. 

(1975)  assumed  a rapid  coronal  convection  of  the  relativisitc  particles  with  strong 
longitudinal  redistribution  followed  by  ejection  and  long-lasting  trapping  on 
specific  magnetic  tube  lines  pertaining  to  a preexisting  Gold-type  magnetic  bottle. 

We  would  like  to  propose  an  alternative  longitudinal  distribution  of  the 
relativistic  particles  in  the  interplanetary  medium.  The  measurements  of  the  IMF 
aboard  Pioneer  9 and  Prognoz  show  a strongly  westward  directed  field  with  the 
azimuthal  angle  varying  between  180°  and  320°  from  10:00  to  21:00  UT;  this  field 
could  indeed  channel  the  flare  particles,  from  the  9°E  meridian  westward  to  the 
earth  detectors. 


References 


Dryer,  M. , Interplanetary  double-shock  ensembles  with  anomalous  electric  con- 
ductivity, in  Solar  Wind,  edited  by  C.  P.  Sonett,  P.  J.  Coleman,  Jr.,  and  J.  M. 
Wilcox,  p.  453,  NASA  SP-308,  Supt.  of  Doc.,  Washington,  D.C.,  1972. 

Dryer,  M. , Interplanetary  shock  waves  generated  by  solar  flares.  Space  Sci.  Rev. , 
15,  403,  1971*. 

Dryer,  M. , S.  Frankenthal,  F.  Rosenau,  and  T.  Chen,  Theoretical  aspects  of  solar 
flare-generated  interplanetary  shock  waves,  in  Flare-Produced  Shock  Waves  in  the 
Corona  and  in  Interplanetary  Space,  edited  by  A,  J.  Hundhausen  and  G,  Newkirk, 
Jr.,  p.  163,  National  Center  for  Atmospheric  Research,  Boulder,  Colorado,  1974a. 


258 


Dryer.  N. . A.  EviaCar,  A.  Frohllch.  A.  Jacobs.  J.  Joseph,  and  E.  J.  Weber.  Intel — 
planetary  shock  waves  from  McMath  Region  11976  during  Its  passage  in  August 
1972.  In  Coronal  Disturbances,  edited  by  G.  Newkirk.  Jr..  I All  Synp. . 57.  377. 
197Ab. 

Dryer.  M. . A.  Evlatar.  A,  Frolillch.  A.  Jacobs.  J.  H.  Joseph,  and  E.  J.  Weber.  Inter- 
planetary shock  waves  and  comet  brightness  fluctuations  during  June-August  1972. 
J . Ceophys . Res . . 80.  2001  • 1975. 

Dryer.  M. . Z.  K.  Smith.  R.  S.  Stelnolfson.  J.  D.  Mihalov  and  J.  H.  Wolfe.  Inter- 
planetary disturbances  caused  by  the  August  1972  solar  flares  as  observed  by 
Pioneer  9.  J.  Ceophys.  Res..  81 . A651,  1976. 

Lockwood.  J.  A..  L.  Hslek.  and  J.  J.  Quenby.  Some  unusual  features  of  the  cosmic 
ray  storm  in  August  1972.  J.  Ceophys.  Res..  80.  1725.  1975. 

Perez  Enriquez  and  R.  Gall.  The  Influence  of  shock  wave  ensemble  on  propagation  of 
solar  cosmic  rays.  Book  of  Abstracts,  p.  87.  ISSTP.  Boulder.  CO..  1976. 

Poroerantz.  M.  A.  and  S.  P.  Duggal.  Interplanetary  acceleration  of  solar  cosmic  rays 
to  relativistic  energy.  J . Ceophys . Res . . 79.  913.  1974. 

Stelnolfson.  R.  S..  M.  Dryer,  and  T.  Nakagawa.  Numerical  MHO  simulation  of  Inter- 
planetary shock  pairs.  J.  Ceophys.  Res..  80.  1223.  1975a. 

Stelnolfson.  R.  S..  M.  Dryer,  and  Y.  Nakagawa.  I nterplanetary  shock  pair 

disturbances:  Comparison  of  theory  with  space  probe  data.  J.  Ceophys.  Res..  80. 
1989.  1975b. 


2.5.9 


VI.  STUDY  OF  TRAVELLING 
INTERPLANETARY  PHENOMENA  . 
STIP  INTERVAL  I (SEPTEMBER-OCTOBER  1975) 


261 


u 

t. 


1 

I 

A Coronal  Hole  Observed 
by  )^8-cm  Radioheliograph 

Kiyoto  Shibasaki,  Maiato  Ishiguro  and  Shinzo  Enome 
Research  Institute  of  Atmospherics 
Nagoya  University 
Toyokawa,  Aichi  442,  Japan 

Haruo  Tanaka 
Tokyo  Astronomical  Observatory 
The  University  of  Tokyo 
Mitaka,  Tokyo  181,  Japan 


Abstract 


In  the  later  part  of  the  year  1975,  including  the  STIP  Interval 
I,  a low  brightness  region  was  detected  by  X 8-cm  radioheliograph  at 
Toyokawa  over  a period  of  three  solar  rotations.  It  was  accompanied 
by  a high-speed  solar  wind  stream  and  was  associated  with  recurrent- 
type  geomagnetic  storms.  This  region  was  identified  as  a coronal 
hole.  The  brightness  temperature  of  this  coronal  hole  was  6000  K 
lower  than  that  of  the  normal  quiet  region  of  22000  K. 

The  authors  used  a simple  model  of  the  solar  atmosphere  and 
calculated  the  brightness  temperature  at  the  wavelength  of  8 cm  in 
the  coronal  hole  and  in  the  normal  quiet  region.  The  electron 
pressures  at  the  base  of  the  corona  obtained  by  EUV  and  soft  X-ray 
observations  are  too  high  to  explain  the  present  radio  observations 
of  the  coronal  hole  and  the  normal  quiet  region. 


1.  INTRODUCTION 
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There  are  sometimes  low  brightness  regions  in  the  corona,  when 
the  Sun  is  observed  by  EUV  spectroheliographs  (e.g.  Burton  1968;  Tousey 
et  al.  1968;  Reeves  and  Parkinson  1970;  Withbroe  et  al.  1971)  and  soft 
X-ray  telescopes  (e.g.  Underwood  and  Muney  1967;  Vaiana  et  al.  1973; 
Timothy  et  al.  1975).  These  regions  are  called  'coronal  holes'.  It 
is  known  that  in  the  coronal  hole,  electron  density  and  temperature  at 
the  base  of  the  corona  are  low  and  also  the  conductive  heat  flux  in 
the  transition  region  is  small  as  compared  with  those  quantities  in 
the  normal  quiet  region  (Munro  and  Withbroe  1972;  Krieger  et  al.  1973). 
At  the  photosphere,  the  coronal  hole  corresponds  to  a region  of  uni- 
polar or  weak  magnetic  field.  In  the  corona,  the  magnetic  field  has 
an  open  structure  (Altschuler  et  al.  1972).  Coronal  holes  have  been 
found  to  be  associated  with  recurrent  high-speed  solar  wind  streams 
(e.g.  Krieger  et  al.  1973;  Nolte  et  al.  1976).  Neupert  and  Pizzo 
(1974)  found  that  large  coronal  holes  causes  recurrent-type  geomagnetic 
storms . 

Radio  observations  of  coronal  holes  have  been  done  in  the  meter  and 
microwave  region.  Dulk  and  Sheridan  (1974)  observed  a quiet  sun  with 
the  Culgoora  radioheliograph  and  found  a low  brightness  region  which 
corresponds  to  a coronal  hole  observed  by  the  284  A spectroheliograph 
on  board  OSO-7.  The  brightness  temperature  of  the  coronal  hole  was 
0.2x10®  K and  0.4x10®  K lower  than  that  of  the  normal  quiet  region  at 
80  MHz  and  160  MHz  respectively.  Lantos  and  Avignon  (1975)  obtained 
one  dimensional  quiet  sun  distributions  from  the  lower  envelopes  of 
daily  drift  scans  by  the  Nangay  metric  interferometers  at  169  and  408 
MHz . They  showed  that  the  quiet  suns  thus  obtained  correspond  to  the 
base  level  of  coronal  hole.  Piirst  and  Hirth  (1975)  observed  a coronal 
hole  at  10.69  GHz  and  Kundu  and  Liu  (1976)  also  observed  a coronal 
hole  at  85  GHz.  At  millimeter  and  short  centimeter  wavelength,  corona 
does  not  contribute  so  much  to  the  brightness  temperature  that 
depression  of  the  brightness  in  the  coronal  hole  is  less  than  few 
percent  of  that  in  the  normal  quiet  region.  Dulk  et  al.  (1977) 
combined  EUV  and  radio  (at  10.69  GHz,  1.42  GHz,  160  MHz  and  80  MHz) 
observations  of  the  coronal  holes  during  the  ATM  experiments  to  find 
that  no  one  standard  model  can  explain  both  sets  of  observations. 

We  have  been  observing  the  Sun  with  Toyokawa  X 8-cm  radio- 
heliograph  since  June  1975.  From  September  to  December  1975, 
including  STIP  Interval  I,  the  solar  activity  was  low  and  it  was 
convenient  for  observations  of  quiet  phenomena.  In  Sections  2 and  3, 
we  present  our  method  of  observations  and  observational  results.  In 
Sections  4 and  5,  we  discuss  physical  conditions  of  the  coronal  hole 
and  compare  our  results  with  other  observations. 


i 2.  OBSERVATIONS 

I 


The  X 8-cm  radioheliograph  at  Toyokawa  (Ishiguro  et  al.  1975) 
has  been  in  operation  since  June  1975.  This  heliograph  consists  of 
T-shaped  array  of  3-m  paraboloids,  32  elements  in  the  E-W  direction 
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and  16  elements  in  the  N-S  direction.  The  HPBW  of  the  heliograph  is 
1.5(in  E-W)’‘1.5"SEC(ZD)  (in  N-S;  where  2D  is  the  zenith  distance). 

The  observations  have  been  carried  out  at  about  03  UT  every  day.  The 
mode  of  the  observation  is  skip  scanning  (Tanaka  et  al.  1970),  and  it 
takes  20  minutes  to  get  one  map.  Each  map  covers  the  areaof  40'’x40'’* 
SEC(zp)  which  is  composed  of  64x64»4096  picture  dements.  Output  data 
are  digitized  and  processed  by  a small  computer.  The  main  procedures 
of  data  processing  (Shibasaki  et  al.  1976)  are 

1)  Rearrangement  of  the  picture  elements  in  accordance  with  the 
skip  scanning  program, 

2)  Correction  of  the  phase  errors  between  three  arms  of  the  T-shaped 
array, 

3)  Smoothing  by  tapering  higher  Fourier  components  to  reduce  the 
sidelobes,  which  results  in  the  broadening  of  the  effective  beam 
width  to  2r25x2;25-SEC(ZD) , and 

4)  Calibration  of  the  brightness  temperature  by  use  of  the 
simultaneous  total-flux  observations. 

Processed  maps  are  displayed  by  a density  modulation  on  a graphic 
terminal.  Sidelobe  level  depends  mainly  on  the  phase  errors  of  the 
radioheliograph.  When  there  are  no  phase  errors,  we  can  reduce  the 
sidelobe  levels  as  low  as  -21  dB  by  the  smoothing  technique. 

ic^lly , however,  it  is  hard  to  keep  the  system  free  from  phase 
errors.  From  the  calibration  of  phase  errors,  we  estimate  the  error 
in  the  brightness  temperature  to  be  less  than  several  percent  of  the 
quiet  sun  level  when  the  Sun  is  not  active. 


3.  OBSERVATIONAL  RESULTS 


In  September  1975,  a low  brightness  region  was  observed  at 
Carrington  Longitude  240®.  This  region  became  remarkable  in  the  next 
solar  rotation  (Carrington  rotation  number  1633).  It  lasted  over  a 
period  of  three  solar  rotations.  Figure  1 shows  the  radio  maps 

of  the  Sun  at  8 cm  wavelength  on  October  3,  4,  5 and  6,  1975.  We  can 
recognize  the  low  brightness  region  which  extends  from  equator  to  30® 

N in  latitude.  The  central  meridian  passage  of  this  region  is  about 
October  4.  After  Solar-Geophysical  Data  (SGD  1975),  there  are  no 
optical  counterparts  to  this  region . The  K— coronameter  observations 
at  Mauna  Loa,  Hawaii  (Hansen;  private  communication)  show  that  a weak 
emitting  region  corresponds  to  this  region. 

Nolte  and  Roelof  (1973)  found  that  the  source  longitude  of  quiet- 
time solar  wind  can  be  determined  within  the  accuracy  of  10®,  assuming 
radial  and  constant  velocity  for  solar  wind  propagation.  In  Figure  2, 
the  solar  wind  speed  observed  by  IMP-8  (SGD  1976)  during  this  period 
are  traced  back  to  the  solar  surface  on  the  same  assumption.  At 
around  the  longitude  of  220®,  there  is  a source  of  high-speed  solar 
wind  stream.  Figure  3 shows  that  this  high-speed  stream  caused  a 
recurrent-type  geomagnetic  storm.  During  the  Bartels  rotation  number 
1944  to  1947,  K index  has  recurrent  peaks  at  around  the  middle  of 
each  rotation  pferiod  and  it  corresponds  to  the  peak  in  the  solar  wind 
speed.  There  is  also  a lower  peak  in  the  solar  wind  speed,  but  it 
corresponds  to  neither  the  peak  of  Kp  index  nor  the  distinct  depression 
of  the  radio  brightness  in  \ 8-cm  map. 
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Figure  3.  K index  jn  1975  (SGD  1976)  and  solar 
wind  speed  observed  by  IMP-8  (SGD  1976)  during 
the  period  of  August  - December  1975 
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(a)  (b)  (c) 

Figure  4.  (a)  Quiet  sun  of  October  1975  (sec  in  the  text) 

and  E-W  cross  section  (b)  Radio  map  on  October  5,  1975  and 
the  cross  section  at  the  position  angle  of  120”.  Dotted 
line  is  the  cross  section  of  the  quiet  sun  of  October  1975 
at  the  same  position  angle  (c)  Same  as  Figure  (b) , but  for 
November  1,  1975 
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A brightness  distribution  of  the  quiet  sun  is  necessary  to  know 
the  depression  of  brightness  in  the  coronal  hole.  We  employed  an 
iterative  method  by  making  use  of  thirty  maps  in  October  1975  to  obtain 
the  quiet  sun  distribution.  In  the  first  run,  we  calculated  mean  and 
standard  deviation  for  each  picture  element  from  thirty  brightness 
data.  In  the  second  run,  those  data  are  excluded  whose  distance  from 
the  mean  of  the  first  run  is  greater  than  the  standard  deviation  of 
the  first  run.  By  this  procedure,  errors  in  the  quiet  sun  caused  by 
the  presence  of  S-components,  coronal  holes  and  their  sidelobes  are 
reduced.  We  have  found  by  experience  that  three  runs  are  sufficient 
to  get  the  brightness  distribution  of  the  quiet  sun.  The  quiet  sun 
distribution  thus  obtained  is  in  Figure  4a.  The  E-W  cross  section  is 
also  in  Figure  4a.  The  brightness  temperature  of  the  quiet  sun  is 
2.2x10'*  K near  the  disk  center.  The  cross  sections  which  pass  through 
the  center  of  the  coronal  hole  (position  angle  120“)  are  drawn  in 
Figures  4b  and  4c.  The  cross  sections  of  the  quiet  sun  at  the  same 
position  angle  are  also  shown  by  dotted  lines.  The  brightness 
temperature  of  the  central  part  of  the  coronal  hole  is  1.6x10'*  K on 
October  5 and  on  November  1,  1975.  The  effective  HPBW  is  2.'25x3r45. 

The  structures  smaller  than  this  size  are  smoothed  out.  The  coronal 
hole,  however,  is  an  extended  structure,  this  value  is  the  brightness 
temperature  of  the  coronal  hole.  The  depression  of  the  brightness 
temperature  in  the  coronal  hole  is  6000  K. 


4.  liNTKRPRKT.VTlON 


In  this  section,  we  use  a simple  model  of  the  solar  atmosphere 
and  investigate  the  electron  density  and  temperature  at  the  base  of 
the  corona  in  the  coronal  hole  in  contrast  with  the  normal  quiet  region. 
Since  coronal  holes  are  thought  to  be  mainly  the  phenomena  of  the  upper 
part  of  the  solar  atmosphere,  we  consider  only  the  lower  corona  and 
the  upper  transition  region,  and  do  not  take  into  account  the  lower 
part  of  the  solar  atmosphere.  We  modify  a simple  three-parameter  model 
of  these  regions  which  Withbroe  (1970)  used.  The  assumptions  adopted 
here  are, 

a)  at  the  low  corona  (region  I) , 

1)  the  temperature  is  constant  (T=Tc) • 

2)  The  electron  density  distribution  has  an  exponential  structure 
with  the  scale  height  H. 

b)  At  the  upper  transition  region  (region  II), 

1)  the  pressure  (Pc=N*T)  is  constant. 

2)  The  conductive  flux  (Fc)  is  constant. 

c)  At  the  lower  part  (region  m) , 

1)  the  parameters  are  same  for  the  coronal  holes  and  the  normal 
quiet  region. 

For  simplicity,  we  do  not  take  the  influence  of  the  magnetic  field 
into  account  and  restrict  the  discussion  to  the  disk  center. 

The  radio  brightness  temperature  (Tb)  is  calculated  by  the 
following  equation, 

T.=/^  T e'^dT.  (1) 

b * 0 
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In  eq.  (1),  we  can  separate  the  contribution  to  the  brightness 
temperature  into  three  parts,  corresponding  to  regioml,  II  and  in. 


Vbi^®‘''‘'"bii^«'''^  ’’bni>' 
where,  ^^Kdr, 


T » f T e” ' dr . 
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(2) 


By  use  of  the  above  mentioned  assumptions,  we  estimate  the  contribution 
of  each  region.  The  contribution  left  from  retjion  III  i.s  T|,,  . As  it 

is  shown  later  that  r.  brightness  temperature  can  Be  written 

as  follows;  ' 


c 


(3) 


where,  £“0.2  (Chambe  and  Lantos  1971), 
n-refractive  index, 
v“ob3ervational  frequency, 
a«10”‘  (Spitzer  1956), 

r0“the  height  of  the  top  of  the  lower  transition  region,  and 
To“the  temperature  at  the  top  of  the  lower  transition  region. 

By  use  of  this  equation,  we  study  the  differences  of  the  parameters 
in  the  coronal  hole  and  in  the  normal  quiet  region.  Munro  and  Withbroe 
(1972)  found  that  P*/Fc  in  the  coronal  hole  does  not  differ  from  that 
in  the  normal  quiet  region.  They  also  found  that  the  ratio  of  the 
conductive  flux  in  the  coronal  hole  to  that  in  the  normal  quiet  region 
is  1/10.  Huber  et  al.  (1974)  got  the  value  of  1/6  independently. 

Soft  X-ray  observations  (Krieger  et  al.  1973)  show  that  the  pure 
gravitational  hydrostatic  equilibrium  does  not  hold  in  the  closed  field 
region.  We  consider  that  the  closed  region  corresponds  to  the  normal 
quiet  region  and  assume  that  the  density  scale  height  (H)  in  the  normal 
quiet  region  is  twice  the  hydrostatic  one.  In  the  coronal  hole,  we 
use  the  hydrostatic  scale  height.  In  the  following,  the  superscripts 
0 and  H stand  for  the  parameters  of  the  normal  quiet  region  and  for 
the  coronal  hole  respectively.  As  for  the  pressure,  the  ratio  is 


(4) 


The  brightness  temperatures  in  the  normal  quiet  region  and  the  coronal 
hole  are. 
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where,  k-Boltzmann  constant. 
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U=mean  molecular  weight  (0.62), 
m=weight  of  the  proton, 

g “gravity  accerelation  at  the  solar  surface, 

O u r\ 

and  R=t"/t“. 

The  difference  of  the  brightness  temperature  in  the  coronal  hole  and 
the  normal  quiet  region  is 


umg^  ^ 

c 


(7) 


Our  observation  at  the  frequency  of  3.75  GHz  gives  the  value. 


t2-t”=6000  K.  (8) 

b b 

If  we  get  the  values  of  T®,  P®  and  Fg,  we  can  determine  the  temperature 
and  density  in  the  coronal  hole  by  use  of  the  eqs.  (7),  (8)  and  (4). 
Since  our  observation  is  made  at  the  single  frequency,  we  cannot 
determine  these  values  uniquely.  The  EUV  line  observations  (Athay, 
1966;  Dupree  and  Goldberg  1967;  Withbroe  1970)  gave  fQ  =6xl0®erg  cm"* 

sec"*.  We  use  this  value.  As  the  optical  depth  at  3.75  GHz  becomes 
larger  than  unity  in  the  chromosphere,  Tj^jjj=10''  K.  The  brightness 
temperature  observed  at  3.75  GHz  is  2.2x10'*  K.  If  we  assume  T®=2xl0‘ 

K,  P®  can  be  calculated  by  the  eq.  (5), 

P®=4.2xl0^^  K cm"^. 
c 

Putting  these  three  values  into  eq.  (7),  we  get  R=0.12  and  0.75.  If 
we  take  R=0.12,  the  temperature  in  the  coronal  hole  is  too  low, 
therefore  we  take  R=0.75.  The  temperature  in  the  coronal  hole  is  1.5 
xlO®K  and  the  electron  density  in  the  coronal  hole  is  9.3x10’  cm"’. 

The  optical  depths  are  t j=2xl0" x^lxlO"*  , t j=2xio"‘'and  Tj=1x10"*. 

The  approximation  used  in  deriving  eq.  (3)  holds  good. 


5.  DISCUSSION 


The  observations  of  the  coronal  hole  have  been  carried  out  by  EUV 
spectroheliographs,  soft  X-ray  telescopes,  and  radio  telescopes. 

Munro  and  Withbroe  (1972)  analyzed  the  EUV  line  observations  on  board 
OSO-IV  and  obtained  temperatures,  pressures,  and  conductive  fluxes  in 
a normal  quiet  region  and  a coronal  hole.  The  values  are  listed  in 
Table  1.  At  3.75  GHz,  these  values  give  from  eq.  (6), 

t“=1.4x10^  K + T^^. 


Table  1.  Parameters  of  the  solar  atmosphere  and  the 
brightness  temperature  calculated  at  3.75  GHz 


1 

1 

t 

1 

BUV  obnervation 

Nunro  * Nithbro«(1972) 

l.T'Kl* 

1. J.lo‘ 

5.1.10* 

I.O-IO* 

J. J.io'* 

1.5. 10* 

Soft  X-ray  obaervatlon 

Krla^ar  at  al.(1973) 

• 

constant  taiaparatura  mcmIsI 

J.i'io” 

(0.7.Io’l 

l.j.io* 

1.5.10** 

(2.9.10*1 

constant  Jsnsity  skkIoI 

l.5.10‘ 

<• 1.10*’ 

<6. l-lo'l 

1. j-io‘ 

1.5.10** 

(2.5.10*1 

Netor  WAVS  observation 

Lantos  a Avignon  (197S) 

..10> 

1.1.10** 

1.1.10* 

Usstl  in  this  {>apar 

2M0* 

4.2^10^* 

6»lo' 

J.J'IO* 

Obtained  |>araMaters 

1.5.10* 

i.o.io'* 

5.7.10* 

1.5.10* 

Units: 


Tc;  K 
Pc  1 K cm“ > 

Fc;  erg  cm“*sec~' 
Tb;  K 


This  value  is  higher  than  the  obtained  brightness  temperature  (Tb(obs.) 
=1.6x10'*  K) . The  coronal  contribution  to  the  brightness  temperature 
in  the  normal  quiet  region  is  calculated  to  be 


T®i«2.7xlo^  K 


> T°(obs. )=2.2xl0^ 


K. 


These  discrepancies  are  mainly  due  to  the  high  pressure  at  the  coronal 
base  adopted  by  Munro  and  Withbroe. 

The  soft  X-ray  observation  (Krieger  et  al.  1973)  also  gave  the 
density  and  temperature  at  the  base  of  the  corona  which  are  in  Table  1. 
If  we  calculate  the  coronal  contribution  to  the  brightness  temperature 
at  3.75  GHz  with  these  parameters. 


(T°j=6.7xl0^  K, 
t”j-2.9x10^  K, 

rT®j-6.3xl0^  K, 
|_t”j-2.9x10^  K. 


(constant  temperature  model) 


(constant  density  model) 


These  are  too  high  in  comparison  with  the  present  observations,  which 
is  again  due  to  the  high  pressure. 

This  trend,  that  EUV  or  soft  X-ray  results  lead  to  higher  radio 
brightness  both  in  hole  and  in  quiet  region,  agrees  with  that  of 
Dul)c  et  al  (1976)  . They  examined  the  several  possibilities  in  their 
radio  end  EUV  models  that  are  open  to  question.  They  have  reached  a 
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conclusion  that  if  the  chemical  abundances  of  heavy  elements  in  some 
parts  of  the  transition  region  and  corona  were  increased  by  about  a 
factor  of  ten,  the  coronal  hole  models  derived  from  the  radio  and  EUV 
data  can  be  brought  into  agreement.  In  this  paper,  we  assumed 
implicitly  that  the  values  of  the  parameters  are  equal  for  coronal  holes 
observed  at  different  periods  of  time.  To  remove  this  assumption,  it 
is  necessary  to  carry  out  the  coronal  hole  observations  at  various 
frequencies  simultaneously  as  done  by  Dulk  et  al.  (1977),  and  to 
determine  the  values  of  parameters  for  the  same  coronal  hole. 
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Abstract 


Solar  wind  velocity  and  temperature  were  measured  by  an  RIEP-2801  electrosta- 
tic analyser  on  board  VENERA-9  and  VENERA-10  space  probes  during  announced  STIP 
Intervals.  In  the  First  Interval  (September-October  1975)  the  probes  were  on  their 
Interplanetary  EARTH-VENUS  trajectory,  in  the  second,  on  the  VENUS-bound  orbits. 
Data  coverage  is  not  complete  but  seems  to  show  solar  wind  structures.  During 
STIP  Interval-I  three  major  increases  in  solar  wind  velocity  (from  300  to 
•v.  550  km/sec)  were  observed,  two  of  which  were  apparently  recurrent  solar  wind 
streams. 
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Solar  wind  parameters  were  measured  aboard  the  Venera  9 and  Venera  10  space- 
craft in  the  course  of  other  experiments  during  two  periods  of  international 
study  of  Travelling  Interplanetary  Phenomena.  Solar  wind  characteristics  were 
recorded  by  means  of  a RIEP-B  Ion  spectrometer. 


1.  INSTRUMENTATION 


The  Venera  9 and  10  spacecraft  were  launched  on  8 and  14  June  1975  and  were 
put  into  an  orbit  around  Venus  on  22  and  25  October,  respectively.  Figure  1 gives 
the  Venera  9 and  10  trajectories  between  Earth  and  Venus  and  the  orbits  of  Earth 
and  Venus  during  the  periods  concerned. 
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Figure  1. 
orbits  of 


May  1976. 


Trajectories  of  Venera  9 and  10  flights  and 
the  Earth  and  Venus  from  September  1975  to 
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During  the  first  STIP  period  (September-October  1975),  the  spacecraft  were  in 
transit  between  Earth  and  Venus  and  went  into  orbit  around  Venus  only  at  the  end 
of  this  period.  During  this  time  the  Earth-Sun-spacecraft  angle  varied  from  5*  at 
the  beginning  to  40*  at  the  end.  During  their  transit  between  Earth  and  Venus  tiie 
spacecraft  were  200(000  to  500.000  km  apart  ; in  Figure  1 these  two  positions 
coincide.  During  the  second  STIP  period  (15  March-15  May,  1976)  the  two  space- 
craft were  moving  around  the  Sun  with  the  planet  Venus  ; the  Earth-Sun-Venus 
angle  was  greater  than  for  the  first  STIP  period  varying  from  120®  to  145®. 

The  RIEP-B  apparatus  consisted  of  several  energy  spectrometers  (Vaisberg  et 
al.,  1976).  The  ion  flux  was^measured  by  6 identical  electrostatic  analysers  with 
an  energy  resolution  of  6 S - 3»  and  angular  resolution  of  5®  x 5®  (FWHM).  Each 
of  the  electrostatic  analysers  provided  a spectrum  by  sweeping  its  energy  range 
in  8 energy  steps  in  geometric  progression.  The  total  energy  range  studied  was 
from  50  eV  to  20,000  eV/Q.  In  order  to  increase  the  possibilities  of  the 
instrument,  some  analysers  were  turned  in  the  directions  of  + 30®  and  ~ 15®  on 
either  side  of  the  main  axis  of  the  experiment.  During  most  of  the  trajectory 
from  Earth  to  Venus  the  main  axis  was  directed  toward  the  Sun  and  the  spacecraft 
rotated  about  this  axis.  In  orbit  around  Venus,  measurements  were  generally  made 
with  3 axis  stabilization  ; the  main  axis  changed  its  orientation  0.5®  per  day 
with  respect  to  the  solar  direction.  The  solar  wind  spectra  were  generally 
measured  for  10  minutes,  and  for  several  periods  measurements  were  carried  out 
during  two  minute  periods. 

Solar  wind  parameters  were  calculated  independently  for  each  analyser  by 
using  a least  squares  method  and  assuming  an  isotropic  Maxwellian  distribution 
with  temperature  T and  transport  velocity  V.  The  ion  concentration  was  not 
calculated  due  to  the  absence  of  information  on  the  orientation  of  the  detectors  ; 
this  absence  of  data  does  not  alter  the  accuracy  of  either  the  velocity^or  tempe- 
rature measurements  (Romanov,  1975).  The  precision  for  the  velocity  is  - 5*,  and 
the  temperature  is  estimated  to  within  a factor  of  2 or  less.  Comparison  of  simul- 
taneous data  in  several  channels  has  shown  a good  agreement,  particularly  for 
solar  wind  velocity.  For  these  measurements  and  for  those  which  follow,  the  values 
have  been  averaged. 


Z KXPKRIMKNTAL  RESULTS 


The  data  obtained  were  averaged  over  3-hour  intervals  and  are  given  in 
Figure  2 for  the  first  STIP  period  and  in  Figure  3 for  the  second  STIP  period. 

It  must  be  pointed  out  that  the  data  do  not  completely  cover  the  intervals  and 
are  fragmentary  and  incomplete  for  the  second  interval.  The  characteristic  feature 
of  the  data  is  the  good  agreement  of  the  results  obtained  by  the  two  spacecraft  in 
almost  all  cases  of  simultaneous  measurement  (particularly  for  the  velocity).  This 
means  that  the  velocity  and  temperature  gradients  for  the  solar  wind  are  not  so 
high  that  they  change  the  parameters  measured  over  the  distances  between  the  two 
spacecraft.  Another  characteristic  feature  of  the  parameters  recorded  is  the 
strong  modulation  both  in  the  first  and  second  STlP  interval.  The  solar  wind 
velocity  varies  in  a wide  range  between  250-300  km  (sec)"*and  500-600  km  (sec)"', 
and  the  temperature  varies  from  1(7* “K  and  5 x 10^®K.  We  can  distinguish  two  periods 
during  which  the  parameter  values  are  constant. 
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Figure  2.  Ion  velocity  and  temperature  of  solar  wind  as  observed  by 
spacecraft  Venera  9 and  10  during  first  STIP  interval.  At  lower  right 
are  shown  corresponding  parts  of  trajectories. 
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2.1  Pint  STIP  Period  (September-October  1975) 


The  first  STIP  period  begins  with  a slow  decrease  in  velocity  flow  from 
400  km  (sec)-*  to  300  km  (sec)‘‘,  then  a slow  Increase  In  solar  wind  velocity 
back  up  to  the  Initial  value.  This  basic  phenomenon  Is  followed  by  a high  speed 
stream  with  values  of  500  km(sec)"*  for  4 or  5 days  from  9 to  13  September.  Several 
' days  later,  between  17  and  22  September,  a high  speed  plasma  flux  Is  also  recorded. 

The  velocity  increases  more  slowly  than  In  the  preceding  case  but  reaches 
600  km  (sec)"^.  The  ion  temperature  during  the  Increase  In  velocity  rises  to 
I 3 X lO^'K.  For  more  than  10  days  velocity  values  ranging  from  300  to  400  km(sec)-' 

I are  recorded.  A third  high  velocity  flux  Is  detected  from  6 to  12  October  with 

, velocities  from  500  to  550  km  (sec)-*  and  a well-defined  onset.  In  the  data 

following  there  are  gaps  from  13  to  23  October  and  In  the  final  part  of  the  first 
i period  we  can  see  a strong  Increase  In  the  velocity  from  330  km  (sec)"*  to 

i 560  km  (sec)**,  and  in  the  temperature  from  5 x 10’'“K  to  2.5  x 105‘’K.  On  26  Octo- 

ber the  gradual  decrease  In  values  begins,  and  a new  small  Increase  appears  on 
' 29  October. 
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2.2  Second  STIP  Period  (March-April,  1976) 
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Figure  3.  Same  as  figure  2 for  second  STIP  Interval 
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Figure  4.  Ion  velocity  and  temperature  of  solar  wind  as  observed 
by  IMP-8  satellite  near  Earth  during  first  STIP  interval. 


STP  WTERVAL  I 


Figure  5.  Same  as  figure  4 for  secono  S^IP  interval 


Ilio  socoiKl  silt’  pt'ciiKl  beyins  with  two  hlyh  velocity  flows  from  1 to  4 iiiul 
from  7 to  10  respoctt veiy  ; tn'twoen  those  the  velocity  ilecreases  to 

JtOO-JhO  km/sec.  At  the  end  of  the  second  stre«m  we  see  a substantial  Increase  In 
temperature  to  A.!)  x 10‘"'K.  Ihe  final  data  for  this  period  are  very  fraymentary. 

We  can  only  see  that  the  velocity  of  the  solar  wind  Is  as  high  as  bOO  km  (seel"' 
from  IM  to  <*6  March  and  I’d-JO  March.  At  the  end  ot  this  period  the  velocity  orops 
to  .100  km/ sec. 


X Dl.SC.li.'lSION 


From  the  point  of  view  of  the  STII'  project  these  data  cati  be  analysed  Iti  twt> 
ways  ; a correlation  between  the  variations  observed  In  the  solar  wind  parameters 
and  solar  activity  or  a comparison  of  observations  in  different  points  In  Inter- 
planetary space.  It  must  be  noted  that  during  the  first  Sill'  period  solar  activi- 
ty was  very  low  ; no  class  111  or  greater  flare  was  reported.  Ihe  analysis  of  the 
data  for  the  first  STII’  period  (Figure  <?)  shows  that  the  high  velocity  solar  wind 
flows  from  9 to  1.1  September  and  from  b to  K’  October  have  similar  shapes  and 
that  the  tiim'  between  the  two  Is  I’ll  days.  The  study  of  geonwgnetic  data  ’ 

Indicates  that  each  of  these -periods  Is  correlated  with  the  observations  of  b dls- 
turbiHl  days.  On  9 September  a sudden  geomagnetic  disturbance  was  indicated  by  a 
S.C.  which  may  indicate  the  arrival  of  the  high  velocity  structure,  limited  in 
front  either  I'y  a shock  or  by  a stationary  discontinuity.  Ihese  events  are  prol'ab- 
ly  iiMiil  testations  of  the  saim'  recurrei\t  high  velocity  streams  whose  llfetinx'  is 
creater  than  the  tiiix'S  of  two  solar  rotations.  We  see  no  other  recurrent  strix'- 
tures  In  our  data.  Ihe  i’b  October  evei\t  Is  not  recurrent  ; prior  to  I'b  October 
the  plasma  flow  velocity  was  below  ‘100  km  (sec)"'  and  we  have  no  information  on 
wlu'ther  the  events  of  1/-;’0  September  and  1-10  March  are  recurrent. 

A travelling  interplanetary  phenoim'iton  can  be  studied  by  comparing  data  from 
Venei-a  9 and  10  with  im'asureim'nts  of  the  solar  wind  made  near  the  larth  by  IMP  B. 
Ihe  preliminary  solar  wind  velocity  and  temperature  data  for  the  STII’  periods,  ob- 
tained by  im'ans  of  this  satellite,  are  given  in  Figures  9 and  b.  these  data  are 
Incomplete,  but  soiix'  of  the  events  can  be  compareil.  Ihe  first  of  these  evet)ts  Is 
evidenced  by  the  increase  in  velocity  observed  17  September  near  the  larth  and  l)y 
Venera  9.  Ihls  Increase  occurs  at  about  IH.OO  II,  I.  at  Venera  9 and  at  about 
Ob. 00  tl.l.  at  the  IMP  11  satellite.  On  10  September  the  solar  wind  velocity  in- 
creases to  bbO  km  (sec)"'  near  the  larth  and  to  about  bOO  km  (sec)"'  on  Venei-a  'l. 
For  the  two  spaceci'aft  the  Ion  temperature  was  about  .'-.1  x 10'"'k.  We  can  estiiiMte 
the  tiiix'  delay  .\t  between  the  arrival  tlnx'S  of  the  I lux  at  each  of  the  twii  posi- 
tions by  using  the  equation  deduced  from  the  solar  wind  corotation  iixulel  , 

( Intr  1 1 lt>A  tor  et  a 1 . 197b) 

M . '^IMP  ~ ’^Venera  - Venera  - '‘'IMP 


1. 


Solar  (Vophyskal 
N”  .101,  part  11, 
N"  .107,  part  11, 
N"  .lOb,  part  II, 


Data,  NOAA,  lO/b 
pages  .10,  41  ; 
page  .’0  ; 
page  .lb  ; 


•JOl 


r’ 


where 

R > heliocentric  distance 
^ - heliocentric  longitude 

ii  • angular  velocity  of  solar  rotation  (n  ■ 0,5515“  (hour)"*) 
For  the  17  September  event  we  obtain  : 

At  . 1.49  X 10«  - 1.18  X IQB  - U ^ 10.6  hours. 


600  X 3600 


0,55 


Thus  In  this  model  the  high  velocity  particle  flux  must  arrive  at  Venera  9 about 
11  hours  after  Its  arrival  at  the  Earth,  which  Is  In  aoreenent  with  the  12-hour 
time  Interval  actually  recorded,  A second  argument  favoring  the  corotation  model 
can  be  seen  In  the  similarity  between  the  velocity  decreases  recorded  by  IMP  8 
and  by  Venera  9 and  10  between  10  and  13  October. 

Additional  data  on  this  type  of  discontinuity  In  the  solar  wind  plasma  can 
be  acQuIred  by  comparing  proton  flux  data  for  energies  from  1-10  MeV  measured 
aboard  IMP  8.  The  Increase  In  proton  flux  for  energies  between  0.97  and  1.87  MeV 
on  8 September  and  16  and  17  September  (see  footnote  1)  coincide  with  the  In- 
crease In  solar  wind  velocity  aboard  Venera  9 and  10.  Similar  facts  are  observed 
on  7 and  8 October  and  18-  19  October,  1975.  During  the  August  1972  events  the 


s 

1 

3 

an 

o 

2 
1 
0 

T-  500i 
o 

Ui 

X 

V 

>■  400^ 


VENERA  9 STtP  INTERVAL 

1 1 T 1 I I •!  1 1 1 ' 


b • 


• • • • 
• % 


t t t 1 


♦ ♦♦ 


• • • 


i ft  f f -•  f t 


\\ 


3001  I I 1 I 1 t I 1 1 1 1 

1600  1800  2000  2200  2400  02  00  Ul 


OCTOBER  25-26  1975 


Figure  6.  Solar  wind  velocity  and  temperature 
evolution  from  Venera  9 data,  25-26  October  1975 
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guided  proton  fluxes  having  energies  up  to  100  MeV  were  recorded  within  the  high 
velocity  current  after  crossing  the  shock  wave  front  (Cambou  et  al.,  1975).  In  the 
event  of  the  first  STIP  period  the  guided  proton  energy  was  below  10  MeV, 

An  Interesting  event  was  measured  by  Venera  9 and  10  on  25  October,  with  an 
Increase  In  velocity  and  temperature  (Figure  2).  In  Figure  6 the  most  detailed 
features  of  this  event  are  shown  (one  spectrum  every  10  minutes).  We  can  see  a 
sharp  Increase  In  velocity  from  420  to  500  km  (sec)"'  and  In  temperature  from 
10^  to  2.8  X 10^"K  between  19.10  U.T.  and  19.20  U.T.  on  25  October  ; this 
phenomenon  may  be  associated  with  the  crossing  of  the  Interplanetary  shock  wave 
front.  The  measurement  of  the  disturbance  on  25,  26,  and  27  October  by  two  space- 
craft Is  very  typical.  However,  the  measurements  near  Earth  (Figure  4)  show  no 
Increase  In  solar  wind  velocity  above  350  km  (sec)-*  during  this  period.  There 
are  several  data  gaps  aboard  IMP  8 but  not  long  enough  to  conceal  disturbance 
phenomena.  Since  no  disturbance  was  seen  near  the  Earth  we  can  assun*  that  the 
measurements  made  by  Venera  9 from  25  to  28  October  Indicate  the  presence  of  a 
very  narrow  high  speed  stream  which  does  not  extend  east  of  the  sun  more  than  35" 
from  the  Venera  position. 


4.  CONCIAISION 


The  measurements  of  solar  wind  parameters  made  by  Venera  9 and  10  during  the 
first  two  STIP  periods  show  the  very  variable  structure  of  the  Interplanetary 
medium.  During  the  first  STIP  period  a series  of  high  velocity  recurrent  fluxes 
was  observed  by  the  spacecraft  and  also  recorded  at  Earth  by  the  IMP  8 satellite. 
The  time  separating  these  observations  corresponds  to  a solar  wind  model  In 
corotation.  However,  Venera  9 also  detected  a very  narrow  high  velocity  flux 
which  was  not  observed  near  Earth.  The  data  for  the  second  STIP  period  are  not 
as  complete  and  show  no  correlation  with  measurements  made  near  Earth. 

We  emphasize  that  this  analysis  of  the  data  Is  still  In  the  preliminary 
stage  and  that  It  Is  desirable  to  study  them  In  conjunction  with  measurements  ob- 
tained using  other  spacecraft. 
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Abstract 


Observations  have  been  made  of  two  type  II  radio  bursts  originating  from  well 
behind  the  solar  limb.  The  results  support  the  previous  conclusions  that  type  II 
producing  shock  waves  (a)  can  be  refracted  along  curved  paths,  and  (b)  can  move 
along  magnetic  field  lines.  An  Interesting  new  observation  Is  that  although  the 
radial  source  size  Increases  with  height,  the  transverse  size  may  decrease.  The 
latter  Is  ascribed  to  a decrease  of  the  lateral  extent  of  the  shock  wave  with 
height,  and  the  former  to  the  Increased  scattering  from  coronal  Irregularities  at 
greater  heights  (lower  frequencies).  The  40  and  21.5  MHz  plasma  levels  were  found 
to  be  at  heights  of  at  least  1.85  and  2.4  R^,  respectively. 
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1.  INTRODUCTION 


On  1976  March  20  the  Culgoora  radioheliograph  (Wild,  1967;  Sheridan  et  al., 
1973)  and  radio  spectrograph  (Sheridan,  1967)  recorded  two  type  II  bursts  above  the 
Sun’s  east  limb.  These  events  occurred  at  0203  UT  and  2255  UT;  the  first  event  has 
already  been  discussed  by  McLean  and  Nelson  (1977).  No  H-alpha  activity  was 
visible  near  the  east  limb  until  about  four  days  later,  when  McMath  region  14143 
rotated  into  view.  There  is  little  doubt  that  this  region  was  the  source  of  the 
bursts  on  March  20,  in  which  case  these  bursts  would  have  been  caused  by  flares 
located  about  55°  and  44°  behind  the  limb  respectively.  Events  of  this  type  have 
been  observed  before  (e.g.,  Smerd,  1970),  but  not  from  such  great  distances  behind 
the  limb. 


2.  TYPE  11  BURST  OF  1976  MARCH  20'*02*'03"' 


The  dynamic  spectrum  of  this  burst  is  shown  in  Figure  1 (upper).  Important 
features  to  note  Include; 

(a)  The  three  main  emission  bands  in  the  type  II  burst.  With  the  possible  excep- 
tion of  some  small  features  near  0216  UT,  these  emission  bands  are  not  harmonically 
related. 
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Figure  1.  Dynamic  spectra  of  the  two  type  II  bursts  recorded  1976  March  20.  For 
each  frequency  and  time  the  intensity  Is  shown  by  the  whiteness  of  the  record. 
Horizontal  straight  lines  are  due  to  Interference.  Below  each  spectrum  the  range 
from  25  to  200  MHz  is  repeated  at  lower  sensitivity. 


(b)  During  the  first  5 min  of  the  burst  the  emission  cuts  off  abruptly  at  low 
frequencies.  The  cut-off  frequency  drifts  to  lower  frequencies  much  more  rapidly 
than  do  the  individual  bands. 

(c)  The  Irregular  nature  of  the  burst  (a  feature  common  among  type  II  limb  events). 

(d)  The  initial  type  III  bursts  at  80  MHi  (e.g.,  at  02’’03"38'’  and  02'’o3"'42*‘) . 

These  appear  stunted  compared  to  normal  type  III  bursts  and  presumably  also  come 
from  55°  behind  the  limb. 

Figure  2 gives  the  radial  positions  of  the  type  II  and  type  III  bursts  at  80 
and  A3  MHz  and  of  an  unrelated  noise  storm  at  160  MHz.  It  can  be  seen  that  the 
type  II  sources  (particularly  at  A3  MHz)  after  moving  slightly  outwards  thereafter 
move  inwards.  This  is  taken  to  imply  that  the  intersection  of  the  shock  front  with 
the  relevant  plasma  level  moves  from  slightly  behind  the  limb  to  possibly  AO”  in 
front  of  the  limb  (McLean  and  Nelson,  1977). 

The  centroids  of  all  the  observed  sources  are  plotted  in  Figure  3.  For  type 
II  bursts  behind  and  at  the  limb  it  is  expected  that  the  emission  is  at  the  second 
harmonic  of  the  plasma  frequency  because  fundamental  emission  is  severely 
attenuated  (Riddle,  private  communication  quoted  by  Dulk  et  al . , 1976).  The  highest 
type  II  sources  at  A3  and  80  MHz  in  Figure  3 would  therefore  originate  above  the 
limb  at  the  21.5  and  AO  MHz  plasma  levels  respectively.  Refraction  and  scattering 
however  cause  harmonic  sources  to  appear  nearer  the  Sun  than  their  true  positions. 
Thus  the  observed  heights  of  2.5  and  1.85  R are  lower  limits  to  the  real  heights 
of  the  21.5  and  AO  MHz  plasma  levels  respectively.  If  the  emission  were  funda- 
mental the  sources  would  appear  further  out  than  their  true  positions  and  the 
observed  source  heights  would  then  be  lower  limits  to  the  A3  and  80  MHz  plasma 
levels. 


Figure  2.  A plot  showing  the  distances  of  the  centroids  of  the  different  sources 
from  the  centre  of  the  solar  disk  as  a function  of  time. 
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Although  they  are  not  shown  separately  In  Figures  2 and  3 the  type  III  bursts 
at  the  beginning  of  the  event  are  observed  at  80  MHz  In  positions  scattered  amongst 
the  type  II  burst  positions.  It  Is  generally  accepted  that  the  type  III  electrons 
travel  along  magnetic  field  lines  and  It  appears  therefore  that  In  this  case  the 
type  II  shock  waves  are  also  guided  along  the  magnetic  field.  This  Is  In  agreement 
with  observations  of  the  1969  March  30  "behind  the  limb"  event  (Dulk  et  al.,  1971), 
In  which  the  shock  waves  were  found  to  have  travelled  along  coronal  field  lines 
deduced  from  observed  photospherlc  fields. 

It  is  Interesting  to  note  the  large  transverse  extent  of  the  shock  front  at 
80  MHz  and  the  apparently  much  smaller  extent  at  43  MHz.  This  Is  Illustrated 
further  In  Figure  4,  which  shows  typical  Individual  sources  at  each  frequency. 

This  observation  suggests  that  the  lateral  extent  of  the  particular  shock  front 
producing  this  type  II  burst  decreases  with  height.  However,  while  the  transverse 
source  size  decreases  with  height  the  radial  size  Increases,  as  In  previous 
observations  (Nelson  and  Robinson,  1975).  This  probably  occurs  because  the 
scattering  from  Irregularities  In  the  corona  Increases  as  Che  frequency  decreases. 
The  sources  typically  cover  a range  of  heights  corresponding  to  a 2:1  range  in 
plasma  frequency. 

Figure  5 shows  two  possible  models  of  the  shock  paths  which  may  explain  the 
observation.  The  first  of  these  assumes  rectilinear  outward  paths  for  the 
disturbances;  this  explains  the  source  positions  but  not  the  slow  drift  rates  of 
the  Individual  type  II  bands  and  the  fast  drift  rate  of  the  low-frequency  cut-off 
at  the  start  of  the  burst.  To  explain  these  as  well,  the  second  model  with 
curved  propagation  paths  is  required.  Thus  It  seems  that  the  shock  wave  was 
refracted  along  a curved  path,  which  was  also  the  case  in  the  1969  March  30  event 
described  by  Smerd  (1970) . 


3.  TYPE  n BURST  OF  1976  MARCH  20‘*22'*55"* 


The  spectrum  of  this  type  II  burst  (Figure  1 (lower))  is  somewhat  similar  to 
that  of  the  earlier  event.  The  structure  Is  very  Irregular,  with  little  evidence 
of  related  harmonic  bands.  There  Is  some  suggestion  of  a steeply-sloped,  low- 
frequency  cut-off  early  in  the  burst.  One  very  Interesting  feature  Is  the  reverse 
slope  of  one  of  the  type  II  bands  just  after  2305;  this  is  probably  caused  by  down- 
ward refraction  of  the  shock  wave. 

Figure  6 shows  the  radial  positions  of  all  observed  sources.  The  close-in 
sources  at  80  and  160  MHz  are  from  an  unrelated  type  I storm.  The  type  II  source 
positions.  Initially  decrease  In  height,  then  rise  and  later  fall  again.  The  two 
falls  are  possibly  caused  by  two  successive  shock  fronts  each  in  turn  Intersecting 
the  40  and  21.5  MHz  plasma  levels  forward  of  the  limb.  The  rise  in  between  would 
then  be  due  to  the  second  shock  front  approaching  the  limb  from  behind  and  again 
emitting  at  the  relevant  plasma  levels  as  It  moves. 

The  spread  in  transverse  source  positions  shown  in  Figure  7 again  indicates 
a large  extent  for  the  shock  wave  at  the  40  MHz  plasma  level  (80  MHz  harmonic 
emission)  and  a smaller  but  still  quite  large  extent  at  the  21.5  MHz  level  as  well. 
The  sources  appear  slightly  lower  than  in  the  previous  event  (1.83  and  2.27  R at 

9 

40  and  21.5  MHz  respectively).  As  was  the  case  for  the  previous  event,  the  type 
II  and  type  III  positions  are  indistinguishable.  This  again  suggests  that  the 
type  II  shock  waves  propagated  along  magnetic  field  lines. 
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CantroM  potitioM 
Sn  Marx*  20  02  00  to  02  X UT 


Figure  3.  Map  of  centroid  positions  observed  with  the  Culgoora  radlohellograph.  On 
this  figure  the  position  of  the  centroid  of  each  source  observed  during  a half-hour 
period  Is  marked  by  a small  symbol.  The  Individual  symbols  cannot  be  distinguished 
but  the  superposition  of  many  symbols  marks  clearly  the  positions  of  the  Important 
sources. 


1976  MARCH  20 


type  H burst  f-160  MHz 

02b  04'^05^UT 

Figure  4.  Composite  contour  diagram  showing  typical  sizes  and  positions  of  sources 
observed  at  the  three  observing  frequencies  of  the  Culgoora  radlohellograph  during 
the  first  type  II  event. 
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\ 1 
Figure  5.  Two  stages  in  the  development  of  a model  to  explain  the  low-frequency 
cut-off  observed  in  the  spectrum  of  the  type  II  shown  at  the  top  of  Figure  1.  Left: 


a shock  front,  broken  into  about  three  fragments,  propagates  away  from  the  flare 
along  straight  paths.  Because  of  scattering  and  refraction  only  the  part  of  the 
path  of  the  shock  front  (shown  cross-hatched)  after  it  crosses  some  surface  near 
the  limb  is  visible  from  the  Earth.  The  dynamic  spectrum  of  the  type  II  burst  pre- 
dicted by  this  model  is  indicated  below  the  model.  Right:  If  we  assume  that  the 
shock  disturbance  travelled  along  curved  paths  (as  in  the  1969  March  30  event)  the 
predicted  spectrum  is  in  better  agreement  with  the  observations. 
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Figure  7.  Map  of  centroid  positions  observed  with  the  Culgoora  radlohellograph.  On 
this  figure  the  position  of  the  centroid  of  each  source  observed  during  a half-hour 
period  Is  marked  by  a small  symbol.  The  Individual  symbols  cannot  be  distinguished 
but  the  superposition  of  many  symbols  marks  clearly  the  positions  of  the  Important 


1976  March  20 
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Figure  8.  Composite  contour  diagram  showing  typical  sizes  and  positions  of  sources 
observed  at  the  three  observing  frequencies  of  the  Culgoora  radlohellograph  during 
the  second  type  II  event. 


Typical  contours  for  the  different  sources  are  shoi^  In  Figure  8.  Of 
particular  interest  is  the  very  large  radial  size  of  the  A3  MHz  source,  which 
extends  over  heights  corresponding  to  well  over  an  octave  range  of  plasma 
frequency. 


4.  SUMMARY 


Observations  have  been  made  of  two  type  II  radio  bursts  originating  from  well 
behind  the  solar  limb.  The  results  support  the  previous  conclusions  that  type  II- 
shock  waves  (a)  can  be  refracted  along  curved  paths,  and  (b)  can  move  along 
magnetic  field  lines. 

An  interesting  new  observation  is  that  although  the  radial  source  size 
increases  with  height  the  transverse  size  may  decrease.  The  latte;  is  ascribed 
to  a decrease  of  the  lateral  extent  of  the  shock  wave  with  height,  and  the  former 
to  the  increased  scattering  from  coronal  irregularities  at  greater  heights  (lower 
frequencies) . 

The  40  and  21.5  MHz  plasma  levels  were  found  to  be  at  heights  of  at  least 
1.85  .and  2.4  respectively. 
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of  the  X-roy  Emitting  Corona 
and  After  Major  Solar  Events 
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Lockheed  Palo  Alto  Research  Laboratory 
3251  Hanover  Street 
Palo  Alto,  CA  94304,  USA 


R Abstract 


Soft  x-ray  emission  from  the  sun  during  STIP  Interval  II,  observed  with  the 
Lockheed  Mapping  X-ray  Hellometer  on  the  NASA  OSO-8  satellite,  is  presented.  In 
examining  the  emission  versus  time  for  extended  intervals  around  the  times  of 
the  Class  IB  flare  on  March  28,  1976,  and  the  Class  IB  flare  on  April  30,  1976, 
we  find  significantly  more  low  level  flare  activity  prior  to  the  major  flares 
than  after.  TWelve  modest  X-ray  bursts  are  investigated  and  no  compelling  case 
of  a preflare  brightening  phase  is  observed.  Preliminary  correlations  with  the 
time  history  of  emitted  solar  particles  are  discussed. 
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1.  INTRODUCTION 

This  study  examines  the  condition  of  the  solar  corona  prior  to,  during, 
and  following  two  large  solar  flares  which  occurred  during  STIP  Interval  II, 

The  principal  observations  which  will  be  used  are  at  X-ray  wavelengths,  and 
therefore  provide  an  indication  of  the  processes  taking  place  in  the  high 
temperature  plasma.  Correlations  with  ocher  related  phenomena,  to  the  extent 
presently  available,  will  also  be  used  to  help  elucidate  Che  entire  flare  phe- 
nomena. 

The  X-ray  observations  were  obtained  with  the  Lockheed  Mapping  X-ray 
Heliometer  (MXRH)  on  the  NASA  Orbiting  Solar  Observatory-8  (OSO-8) satellite. 

The  MXRH  became  operational  on  June  24,  1975,  and  obtained  data  through  STIP 
Intervals  I,  II  and  III.  A brief  description  of  the  MXRH  Instrument,  the  data 
coverage  during  STIP  Interval  II,  and  several  sets  of  data  for  periods  of  major 
activity  during  this  interval  will  be  published  in  the  UAG  Special  Report  on 
the  Retrospective  World  Interval  20  March  to  5 May  1976  (Wolfson,  Acton,  Roethlg, 
and  Smith,  1977).  IliaC  article  will  hereafter  be  referred  to  as  Paper  I and 
information  in  Paper  I will  in  general  not  be  restated  in  this  paper. 

The  MXRH  Instrument  responds  Co  X-rays  in  the  1.5  - 30  keV  energy  range 
although  the  effective  high  energy  limit  for  solar  observations  is  usually 
substantially  lower  than  30  keV  due  Co  the  steepness  of  the  solar  spectrum. 

The  instrument  looks  radially  outward  from  the  rotating  wheel  section  of 
the  OSO-8  satellite.  It  contains  three  detection  systems,  each  collimated  in 
one  dimension  with  mechanical  collimators.  The  collimators  have  a full  width 
at  half  maximum  transmission  of  2 minutes  of  arc,  although  other  Instrumental 
effects  broaden  the  Instrument  response  function  to  about  4 minutes  of  arc  under 
some  conditions.  Each  field-of-view  is  tilted  120°  with  respect  to  the  others. 
These  three  systems  are  called  Vertical,  Slant  A and  Slant  B,  with  the  Vertical 
system  field-of-view  parallel  Co  the  satellite  spin  axis.  As  Che  wheel  rota- 
tion sweeps  these  fields  of  view  across  the  sun,  three  one-dimensional  count 
rate  distributions  are  obtained.  These  distributions  permit  the  location 
and  isolation  of  emitting  X-ray  regions.  Each  spatial  distribution  consists 
of  31  successive  strips,  or  area  segments,  parallel  to  a system's  field-of-view. 

An  example  of  these  distributions  is  shown  in  Figure  1,  where  the  map  for 
1521-1524  UT  on  March  28  is  presented.  This  example  demonstrates  how  active 
regions  which  are  overlapping  in  one  detection  system  may  be  clearly  resolved 
in  a different  system.  The  instrument  maps  the  entire  solar  disk  every  40 
seconds.  Longer  integration  times  are  required  to  detect  regions  of  weak 
emission.  Temporal  information  is  obtained  by  monitoring  the  intensity  versus 
time  for  selected  area  segments.  Spectral  information  is  obtained  by  15  channel 
analysis  of  the  proportional  counter  signals. 

A more  complete  description  of  the  MXRH  may  be  found  in  Paper  I and  detailed 
information  is  given  in  the  Technical  Manual  for  the  Mapping  X-ray  Heliometer 
Instrumert  on  OSO-8  (Wolfson,  Acton,  and  Gllbreth,  1975).  Dally  MXRH  maps  of 
the  sun  since  August  1975  have  been  published  in  Solar  Geophysical  Data  (SGD) . 

It  is  anticipated  that  the  MXRH  will  continue  operation  until  at  least  October 
1978. 


The  three  largest  solar  flares  observed  by  the  MXRH  between  July  1975  and 
January  1977,  as  defined  by  either  the  magnitude  of  the  resultant  geomagnetic 
storm  or  the  maximum  intensity  of  the  soft  X-ray  emission,  occurred  during 
STIP  Interval  II.  In  this  paper  we  will  study  the  time  periods  around  the 
flare  which  occurred  near  1930  UT  on  March  28  and  the  flare  near  2115  UT  on 
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Figure  1.  The  X-ray  Sun  Prior  to  the  Large  Flare  of  McMath  14143  Near 
1930  UT.  The  MXRH  data  are  collected  and  displayed  in  terms  of  32  num- 
bered area  segments,  each  1.3  arc  minutes  in  width.  Each  histogram  is 
normalized  to  the  peak  intensity  for  that  detection  system.  The  arrows 
converge  on  McMath  14143  S7  E28)  and  McMath  14146  (~  N5  W55). 


April  30.  These  two  events  were  chosen  in  preference  to  the  event  near  0900  UT 
on  March  23  since  these  two  flares  occurred  well  away  from  the  solar  limb 
thereby  Increasing  the  likelihood  of  the  correlation  with  data  from  other  observ- 
ing Instruments.  The  event  of  March  23  was  at,  or  slightly  behind,  the  visible 
east  limb. 


2.  EVOLUTION  OF  .VRAY  EMISSION 


Figures  2 and  3 show  soft  X-ray  intensity  light  curves  for  extended  Intervals 
around  the  times  of  the  two  major  flares.  The  solid  portion  of  the  curve  Is  a 
normalized  MXRH  count  rate  from  the  region  which  produced  the  major  flare. 

OSO-8  views  the  sun  for  approximately  60  minutes  out  of  every  90  minute  orbit. 
Additionally,  data  losses  result  when  the  satellite  Is  In  the  high  background 
environment  of  the  South  Atlantic  Anomaly  radiation  zone.  We  have  drawn  dashed 
curves  through  the  MXRH  data  gaps  based  on  the  NOAA  1-8A  full  sun  X-ray  obser- 
vations (Donnelly,  private  communication.  1977).  Minor  variations,  and  varla- 
tlons  known  to  be  from  a different  region  by  optical  observations,  were  eliminated 
from  the  NOAA  data.  Reported  (SGD)  optical  flares  and  subflares  arc  also  indi- 
cated. Except  for  the  two  class  IB  flares,  one  on  March  28  and  one  on  April  30, 
all  of  the  hot  enhancements  were  classified  as  subflarcs.  Some  higher  time 
resolution  data  may  bo  seen  in  Paper  I. 
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2.1  Frequency  of  KUre  Occurrence 


An  examination  of  Figure  2 demonstrates  that  for  abnut  a day  prior  to  the 
proton  producing  flare  of  April  30  the  X-ray  emission  Is  quite  bursty  with 
the  emission  seldom  dwelling  at  the  baseline  Intensity  of  ~ 10^  cts/s.  After 
the  flare  there  Is  a long  decay  with  very  few  significant  bursts.  Ihe  lack  of 
post  flare  bursts  may  be  partially  attributed  to  the  high  baseline  during  the 
early  decay.  However,  by  0400  UT  on  May  1 the  baseline  Is  down  to  S X 10^  cts/a 
and  bursts  of  S X 10^  cts/s  would  be  easily  seen.  There  are  none  until  2120  OT. 

In  comparison,  there  are  about  16  bursts  with  Intensity  Increases  of  more  than 
5 X 103  cts/s  during  the  24  hours  prior  to  the  major  flare. 

Similar  variations  In  the  frequency  of  the  Ha  flares,  as  well  as  full  disk 
X-ray  bursts,  prior  to  and  after  major  solar  flares  have  been  reported  previously 
(iCfivsk^,  1973;  Dodson  and  Hedeman,  1976).  Flare  occurrence  Is  usually  con- 
sidered to  be  closely  correlated  to  the  complexity  of  the  active  region  magnetic 
field.  However,  searches  for  flare-associated  magnetic  field  restructuring 
with  photospherlc  magnetographs  have  produced  ambiguous  results.  The  above  MXRH 
burst  frequency  comparison  may  Indicate  that  such  a restructuring  toward  a con- 
figuration of  lower  potential  energy  docs  occur,  at  least  at  the  higher  levels 
where  the  X-ray  bursts  appear  to  originate. 

About  24  hours  after  the  flare  of  April  30  a moderately  large  event  Is 
observed.  This  time  for  building  back  up  to  a flare-prone  configuration  Is  con- 
sistent with  that  stated  by  Svestka  (1976)  and  with  the  calculated  times  for 
building  up  a stressed  magnetic  configuration  contalnli\g  the  appropriate 
quantities  of  energy  (Tanaka  and  Nakagawa,  1973). 

The  comparison  of  the  frequency  of  significant  flares  prior  to  and  after 
the  March  28  event  (Figure  3)  Is  not  as  striking  ns  for  the  April  30  event. 

This  Is  partially  because  It  takes  nearly  twice  as  long  to  decay  to  5 X 10^  cts/s. 
However,  we  do  observe  six  bursts  of  5 X lo3  cts/s  In  the  20  hours  prior  to  the 
event,  and  none  until  about  24  hours  after;  though  there  are  four  bursts  of 
— 2 X 10^  cts/s.  The  general  pattern  of  more  activity  prior  to  the  event  than 
after  Is  therefore  still  maintained. 

2.2  he-FIarr  Hrightrnini' 

Some  flare  theories  (Priest,  1976;  Spicer,  1976)  contain  a pre-flare 
brightening  or  pre-flare  heating  phase  that  may  be  observable  In  the  soft  X-ray 
emission.  The  duration  and  magnitude  of  this  phase  arc  not  uniquely  specified, 
but  a time  of  approximately  10  minutes  to  an  hour  Is  typically  expected.  Some 
observers  have  reported  data  consistent  with  a pre-flare  brightening  phase 
(Pallavlclnl  et  al.,  1975;  Petrasso  et  al.,  1975)  wlillc  others  have  reported  a 
systematic  lack  of  pre-flare  brightening  (Kahler  and  Burnttl,  1976).  None 
have  had  access  to  continuous  high  time  resolution  data  of  a single  region 
such  as  the  MXRH  provides. 

We  have  studied  the  MXRH  data  for  the  two  periods  of  Interest  to  see  If 
pre-flare  brightening  Is  observed.  Twelve  X-ray  bursts  with  appropriate 
pre-flare  data  were  examined  and  not  one  compelling  case  of  pre-flare  brighten- 
ing was  found.  Six  bursts  were  clear  counter  examples.  Tills  result  Indicates 
that  pre-flare  heating  does  not  usually  Involve  significant  amounts  of  material 
at  temperatures  of  2 million  degrees  or  above.  In  contrasting  our  results 
with  those  from  the  Skylab  soft  X-ray  Imaging  experiments.  It  should  be  noted 
that  the  MXRH  low  energy  limit  Is  about  the  same  as  the  high  energy  limit  of 
the  Skylab  Instruments,  so  energy  and  temperature  dependent  phenomena  may  be 
observed  differently  by  the  two  types  of  Instruments. 
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A related  observation  la  that  flares  from  the  same  region  show  a wide 
variation  In  rise  times  and  fall  times,  and  that  two  (or  more)  bursts  are  fre- 
quently superimposed.  A statistical  evaluation  of  causality  Is  beyond  the 
scope  of  this  paper.  It  Is  possible  that  some  reported  pre-flare  brlghtenlngs 
were  actually  double  flares  where  the  early  flare  had  a very  slow  rise  time. 


3.  ENERGY  OUTPUT 


To  obtain  the  X-ray  energy  radiated  from  the  two  major  flares  we  first 
determine  the  parameters  of  the  Isothermal  hot  plasma  which  most  closely  repro- 
duce the  observed  pulse  height  distributions  during  the  flares.  An  updated 
version  of  the  code  developed  by  Tucker  and  Koren  (1971)  for  the  emission  from 
a low  density,  high  temperature  plasma  Is  used  for  this  determination.  Tvo 
parameters,  temperature  and  emission  measure  (fn^^  dV),  are  derived.  The 
radiation  predicted  by  the  model  for  any  wavelength  Interval  can  then  be  cal- 
culated. The  l-SA  wavelength  band  was  chosen  because  It  corresponds  reasonably 
well  to  the  MXRH  sensitivity  range  and  Is  the  commonly  used  Interval  for  the 
SOLRAD  and  NOAA  full  sun  monitors.  The  resultant  MXRH  fluxes  are  typically 
consistent  with  the  NOAA  monitor  fluxes  when  the  region  of  Interest  dominates 
the  disk  and  Is  non-flaring,  while  the  MXRH  values  are  somewhat  lower  near  the 
peak  of  large  flares. 

The  MXRH  did  not  observe  the  peak  of  either  major  flare.  For  the  April  30 
flare  our  observations  began  at  2121  UT,  about  7 minutes  after  peak  emission. 
For  the  March  28  flare  our  observations  ended  at  1918  UT  and  began  again  at 
2004  UT  while  flare  maximum  was  about  1940  UT.  The  MXRH  fluxes  were  extra- 
polated through  these  gaps.  We  obtain  a total  X-ray  output  (I-SA)  of  6 X 10^“ 
ergs  for  the  April  30  flare  and  1 X 10^0  ergs  for  the  flare  of  March  28. 


[ 4.  RELATED  OBSERVATION 

t 

( 

I The  possibility  of  combining  the  X-ray  data  with  Information  from  other 

experiments  should  be  greatly  enhanced  by  Interactions  at  this  symposium.  Our 
preliminary  efforts  In  this  direction  have  centered  around  examining  particle 
observations  for  the  April  29  to  May  2 Interval.  This  Interval  was  selected 
because  It  contained  a high  energy  proton  event  and  because  the  source,  McMath 
14179,  was  on  the  western  portion  of  the  disk  and  thus  had  good  access  to  the 
Interplanetary  magnetic  field  lines  leading  to  the  earth.  The  non  X-ray  data 
thus  far  examined  are;  1)  the  IMP  7 and  8 relativistic  electron  fluxes  as 
provided  to  us  by  T.M  Krlmlngls  of  John  Hopkins  Applied  Physics  Laboratory, 

2)  the  IMP  7 and  8 high  energy  proton  fluxes  ^.resented  in  SGD,  and  3)  radio 
observations  from  SGD. 

The  high  energy  proton  data  show  a five  order  of  magnitude  Increase 
correlated  with  the  major  flare  of  April  30,  but  no  detectable  Increases  with 
any  of  the  other  flare  activity.  These  data  will  not  be  discussed  further. 

The  > 0.22  MeV  electron  data  from  IMP-7  and  IMP-8  are  shown  in  Figure  4 
along  with  a compressed  version  of  the  X-ray  fluxes  previously  presented  In 
Figure  2.  Periods  when  Type  II  and  Type  IV  radio  noise  was  decected.  Indica- 
tive of  significant  particle  acceleration,  are  also  shown.  The  electron 
curve  Is  dominated  by  the  major  event  at  2115  UT  on  April  30.  Increases  are 
also  seen  associated  with  the  modest  X-ray  bursts  (Ho  subflares)  at  0600  UT 
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(a)  1. 5-30  KeV  X-RAYS  (OSO-S) 


And  1250  ITT  on  April  30a  Ho%revAra  no  detectoble  olectron  anhAncoments  occurred 
In  conjunction  with  tha  burst  at  1930  UT  on  April  29  or  with  the  flare  at 
2200  UT  on  May  1. 

It  la  Interesting  to  note  that  tha  tliae  dependence  of  the  electron  flux  for 
the  subflare  at  1250  UT  resenblea  the  suijor  flare  both  In  rise  time  to  maximum 
and  decay  rate.  Indicating  that  the  Interplanetary  propagation  conditions  and 
Injection  rates  «wre  similar  at  both  tlaws.  The  similarity  In  shapes  also 
adds  confidence  to  associating  the  electron  enhanceoient  with  the  subflare.  The 
short  tltM  Intervals  (1.1  to  1.5  hr)  required  for  the  electron  flux  to  reach 
maximum  Is  consistent  with  a direct  isagnetlc  connection  and  a relative  long 
scattering  siean  free  path  In  the  Interplanetary  medium  (Lanserottl  et  al.,  1973). 
The  electron  flux  Increase  following  the  subflare  at  0600  UT  is  much  less  pro* 
nounced  and  Is  too  uncertain  to  provide  propagation  Information. 

The  lack  of  a significant  electron  enhancement  from  the  subflare  at  1930 
UT  on  April  29  la  surprising,  as  this  event  was  comparable  In  X>ray  yield  with 
the  two  subflares  which  did  produce  electrons.  The  active  region  was  some- 
what less  favorably  situated  at  that  time  (W30),  but  It  seems  unlikely  that 
this  Is  the  dominant  difference. 

No  electron  enhancement  was  observed  accompanying  the  flare  late  on  May  1 
although  the  flare  was  very  favorably  located  (W60)  for  propagating  electrons 
to  earth  and  It  might  have  been  expected  that  the  major  flare  a day  earlier 
would  have  smoothed  out  Inhomogeneltles  In  the  Interplanetary  field  and  Improved 
the  propagation  characteristics  (Bukata  and  Palmelra,  1967).  However,  at  the 
time  of  Che  May  1 flare  tha  decaying  electron  flux  from  the  April  30  event 
was  still  two  orders  of  magnitude  above  the  quiet  time  background  values  and 
a moderate  electron  flux  Increase  would  not  have  been  noted. 


5.  SUMMARY 


Using  data  which  were  obtained  with  the  Lockheed  MXRH  experiment  on  OSO-8, 
we  have  studied  the  solar  soft  X-ray  emission  for  periods  Including  the  major 
flares  of  March  28  and  April  30,  1976.  Our  data  are  consistent  with  models 
which  predict  significantly  more  activity  prior  to  a major  flare  than  after, 
and  with  approximately  one  day  as  the  tlioe  required  to  build  up  the  configura- 
tion for  a subsequent  large  flare.  The  data  are.  In  general,  not  consistent  with 
a pre-flare  X-ray  brightening  phase  on  the  time  scale  of  5-60  minutes. 

Examination  of  >0. 22  MeV electron  data  for  a period  Including  the  April  30 
event  shows  that  small  enhancements  were  detected  from  two  subflares  prior  Co 
the  IB  flare  and  Chat  a large  flux  was  promptly  detected  In  correlation  with 
the  IB  flare.  Somewhat  surprisingly  no  electron  enhancements  were  detected 
from  Che  flares  about  a day  earlier  (1930  UT  on  April  29)  and  a day  later 
(2200  UT  on  May  1).  The  lack  of  an  enhancement  on  May  1 may  be  simply  because 
the  Intensity  was  still  quite  high  due  to  the  major  event. 
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Discussion 


Kaufmann:  In  hlsh  sensitivity  tracklnjt  of  an  active  solar  center  at  13  inn  wave- 
length, in  July  1974,  we  observed  time  features  very  much  civeparable  to  the  soft 
X-ray  results  presented  here. 

Wolfsont  Thank  you  for  that  interesting  comment.  Kundu  of  the  Vniversity  of 
Maryland  has  told  me  that  he  does  see  evidence  of  preflare  heating  for  s.Mne 
radio  events. 


Fast  Flux  and  Polarization  Periodic 
Time  Structure  of  Microwave  Solar  Bursts* 


Piarre  Kauftnann,  L.  Rizzo  Piazza,  and  J.  C.  Raffaalli 
CRAAM-Cantro  do  Rddio-Astronomia  a Astrofitica  "Mackanzia"** 

CNPq-Obsarvatdrio  Nackmal 
Sao  Paulo,  SP,  Brazil 


Abstract 


Microwave  bursts  (7  GHz)  that  occurred  In  McMath  1A143  (March  1976)  have  shown 
fast  time  structures  in  flux  without  corresponding  structures  In  circular  polar- 
ization degree.  The  great  burst  of  28  March  1976  displayed  a superimposed  oscil- 
lation, with  a period  of  4.7±0.4  seconds,  and  amplitude  proportional  to  the  flux, 
lasting  the  entire  event  duration. 


* This  Is  an  extended  summary  of  two  papers  being  published  In  Solar  Physics. 

**  Provisional  mailing  address:  R.Albl  215,  apt.  1102A,  0S0S4-Sao  Paulo,  SP,  Brazil 
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PRECEDIMO  PiOB  M-Ahy 


Important  solar  activity  occurred  in  1976  being  associated  with  McMath  plage 
14143.  The  Sun  was  monitored  at  7 GHz  by  a solar  polarimeter  at  Itapetlnga  Radio 
Observatory,  Atibala,  SP,  Brazil.  The  instrument's  sensitivity  and  time  resolution 
were  greatly  Improved  previously  to  the.'t.^  measurements.  In  Figure  1 we  show  the 
average  dally  measurements  of  the  Sun  at  7 GHz.  The  S-component  associated  with 
McMath  14143  produced  an  excess  contribution  of  nearly  20  percent  in  flux  at  its 
central  meridian  passage  (CMP),  in  the  last  days  of  March  1976.  The  polarization 
of  the  S-component  remained  left-handed  in  the  entire  half-rotation,  displaying  an 
apparent  dependence  on  heliographic  longitude.  The  lack  of  polarization  sense 
reversal,  or  magneto-ionic  coupling  at  the  source  (Takakura,  1960)  after  CMP  is  not 
an  unusual  effect  (Paes  de  Barros  and  Kaufmann,  1972).  This  effect  and  the 
suggested  dependence  of  polarization  degree  on  hellographlc  longitude  might  be 
explained  in  terms  of  Zheleznyakov's  (1970)  model  that  takes  into  account  the  gyro 
absorptive  layers  influence  on  emerging  ordinary  and  extraordinary  rays.  In  this 
case  the  source  should  be  optically  thick  for  ordinary  rays,  and  most  of  the 
contribution  corresponds  to  extraordinary  rays. 


r>i 

tn 

Z 


X 


>- 

(/> 

z 

UJ 

o 

X 

z> 


u. 


z 

UJ 

o 

a. 

UJ 

a 

z 

a 


Figure  1.  Dally  Average  Flux  and  Circular  Polarization  for  the 
Overall  Sun,  at  7 GHz,  in  March-April  1976 
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Several  events  occurred  In  this  period.  All  of  chum  presented  left-handed 
sense  of  polarization,  agreeing  with  the  S-coinponent  sense  of  polarization  as 
expected  (Scallse  and  Kaufmann,  1974).  We  will  restrict  ourselves  to  describing 
briefly  two  events  of  major  Interest.  The  event  of  26  March  1976,  shown  In  Figure 
2,  was  analysed  elsewhere  (Kaufmann,  1976).  The  quasl-perlodlc  structure  In  flux 
of  17  seconds  Is  similar  to  events  of  this  kind  studied  by  Janssens  et  al.  (1973). 

On  28  March  1976  we  recorded  a Great  Burst;  the  overall  development  with  time 
Is  shown  In  Figure  3,  together  with  a sudden  phase  advance  in  a very  low  frequency 
transmission  received  at  the  same  site.  A complete  study  of  this  event  Is  being 
published  elsewhere  (Kaufmann  et  al.  1977).  The  large  time  scale  polarization 
degree  features,  compared  to  the  flux  features,  behave  approximately  us  described 
In  other  works  (Wassenberg,  1971).  But  we  wish  to  draw  Che  attention  to  the 
existence  of  a fast  oscillation  superimposed  on  the  flux  development  with  time, 
which  cannot  be  shown  In  the  scale  used  In  Figure  3.  3'he  fast  oscillations  lasted 
the  entire  event  duration,  during  which  we  were  able  to  establish  a period  of 
4.7  i 0.9  seconds.  This  phenomenon  appears  to  be  different  from  known  cases  of 
pulses  In  microwave  bursts  (Janssens,  et  al.,  1973).  It  Is  also  remarkable  that 
the  polarization  remained  stable  in  relation  to  the  oscillation  similar  to  the 
event  of  26  March  1976,  The  accuracy  of  polarization  degree  determination  depends 
on  the  flux  density  level.  At  the  maximum  of  the  event,  shown  In  Figure  4,  the 
polarization  was  24  i 0.3  percent. 


Figure  2.  The  Event  of  26  Marcy  1976  Ims  shown  a 17  Second  tjuasl-perlodlc 
Structure  In  Flux  Without  Any  Counterpart  in  Polarization  Degree 
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The  amplitude  of  the  oscillation  A in  any  instant  of  the  event  was  proportional 
to  the  flux  density  S at  that  instant 


A/S  "v  a (constant) 


(1) 


and  the  burst  development  with  time  could  be  described  by  the  function 


S{t)  “ A(t)  (1  + a cos  lilt),  50  < S < 3000  s.f.u.*  (2) 


where  a "V  0.1,  ui  “ 2ii/T,  T "v  A. 7 seconds. 


FlRure  3.  The  overall  time  development  of  the  Treat  Burst  of  2«  March  1976 


*0ne  solar  flux  unit  (s.f.u)  -lx  10"^^ (W/m^-Hi-sec) . 
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Chang**  of  polartiat Ion  ilngr**  vlth  tin*  in  th*  ooura*  of  a nlori>wav*  burat 
can  b*  attributed  to  th*  nov»n*nt  of  th*  emitting  aourc*  in  the  magnetic  field, 
or  to  change  of  the  magnetic  field  applied  to  th*  aource  - or  to  both  effect* 
combined,  Thia  ia  aeen  for  th*  large  time  atructurea,  hut  it  doean't  exiat  for 
th*  faat  oaclllationa.  It  la  difficult  to  reconcile  th*  lack  of  polaritation  time 
atructurea  for  the  faat  oaclllationa  to  model*  aaaumtng  the  bouncing  of  emitting 
electrona  in  magnetic  loop*  at  th*  active  center  (Janaaena,  at  al,,  1973,  Chiu, 
1970).  Th*  emitting  aource  might  ho  deeper  in  the  flaring  region,  and  thua 
obaerved  under  optically  thick  condition*.  Hut  in  thia  caa*  th*  event  ahould  be 
unpolariaed,  which  waa  not  th*  caae,  Th*  obaerved  oactllatlona  night  be  tentatively 
attributed  to  the  emiaaion  mechaniam  at  the  mlcnatave  aource,  regulated  by  th* 
ijualltattv*  proportionality  S(t)  • A(t). 
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Figure  A.  An  Sxampie  of  Tw\’  Minute*  in  Kxpanded  Scaie,  Near  the  Naximvim  of 
the  Croat  Hiirat  of  28  March  197b.  The  polnriaat  ton  degree  remained  nearly 
atable  in  aplte  of  the  rather  alrong  fiux  oactliatton  (of  nearly  iOO  aolar 
ftux  unite). 
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Discussion 


Schanda:  Did  you  observe  other  bursts  with  periodic  structure  superimposed,  and  If 
yes,  what  Is  the  typical  range  of  periodicity?  In  particular,  what  are  the 
shortest  periods? 

Kaufmann:  In  the  past  years  our  time  resolution  and  sensitivity  was  relatively 
poor  for  an  adequate  study  of  fast  superimposed  periodicities.  Qualitatively,  I 
may  say  that  there  are  other  examples  at  7 (!Hz,  In  the  past  eleven  years,  but 
the  data  are  not  good  for  accurate  analysis.  The  "large"  period  oscillation  of 
the  26  March  event  Is  a known  feature,  with  few  pulses.  We  have  not  analyzed  a 
large  number  of  events,  and  we  cannot  answer  the  second  part  of  the  question. 

Dryer:  Do  you  have  suggestions  concerning  the  physical  process  responsible  for  the 
amplitudes  and  periodicities? 

Kaufmann:  The  lack  of  oscillations  In  polarization,  and  the  flux  density  being 
proportional  to  the  oscillations'  amplitude,  might  suggest  that  the  oscillatory 
phenomena  are  connected  to  the  flitrlng  mechanism  Itself,  l.e.,  the  original 
acceleration  might  be  discontinuous  In  time.  We  have  been  studying  this 
possibility  as  a general  process  connected  to  initial  phases  of  solar  flares. 


Estimation  of  Exciter  Length  of 
Type  mb  Bursts  Near  Two  Solar  Radii 
Derived  From  Microscopic  Solar 
Decametric  Spectral  Features 

H.  S.  SiwMit,  R.  V.  Bhoiwl*,  S.  S.  Dagtonkar  and  S.  K.  Alurkar 

PliVi(<»l  Raaaarch  Laboratory 
Ahmadabad -380009,  India 


Abstract 


A high  resolution  spectroscope,  with  a time  and  frequency  reso- 
lution of  10  ms  and  5 kliz  respectively,  has  boon  in  operation  at 
Ahaednbad  over  the  frequency  range  from  35  to  34  Mils.  This  spectro- 
scope is  capable  of  obtaining  spectra  simultaneously  in  rlght-handod 
and  left-handed  circular  polarization  on  a continuously  moving  35  mm 
film. 

We  report  horo  on  unusual  observation  of  the  occurrence  of  a 
microscopic  "U”  burst  almost  simultaneously  vith  a type  Illb  burst 
with  duration  loss  titan  that  of  the  former,  recorded  during  the 
solar  radio  noise  storm  on  29  March  1976  {STIP  interval-Il; . 

Recently,  Sawont  et  al.  (1976)  have  estimated  tlio  length  of  the 
density  irregularity  required  for  the  generation  of  these  microsco- 
pic "U"  bursts  to  bev^'  10**^  km  on  the  assumption  that  the  exciter 
travels  with  velocity  of  the  order  of  0,3  c,  where  c la  the  velocity 
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of  light,  the  total  duration  of  the  microscopic  "U"  burst  being  . 
0.6  s. 


The  fact  that  the  microscopic  "U"  burst  appears  on  the  record 
as  one  of  tho  olemonts  in  tho  type  Illb  burst  axkl  also  shows  inten- 
sity variation  as  a function  of  frequency  and  time  linillos  that  the 
large  scale  electron  density  irregularity  wiiich  has  generated  tiiis 
unusual  burst  may  have  a fine  stinicturo  ( Sfc  km).  TJio  time  in- 
terval between  the  beginning  of  the  type  lllb  and  tho  beginning  of 
the  last  element  of  tho  microscopic  "U"  burst  enables  determination 
of  the  exciter  length  of ^ 10^  km. 


INTROniKVnON 


A Mgh  resolution  Spectroscope  having  time  and  frequency  reso- 
lutions of  10  ms  and  5 kllz  respectively  operating  at  Aliraedabad, 
records  spectra  of  solar  railio  bursts  over  a frequency  range  3$  to 
34  Mlz  simultaneously  in  right-handed  and  left-handed  circular 
polarizations  on  a continuously  moving  35  mm  film. 

Wo  report  here  a rare  event  recorded  during  the  solar  radio 
noise  storm  on  29  March,  1976.  Altljough  tlio  typo  Illb  bm-st  is  a 
conunon  spectral  feature  associated  with  type  111  in  the  motor  and 
decameter  solar  noise  storm  (do  la  Noe  and  hoischot,  197.';  Daselyan 
et  al.  1974a,  b;  Tul^akura  and  Yousef,  197*0  we  have  obsoinrod  a 
microscopic  "U"  along  vdth  a tyjio  Illb  burst  (Sawant  et  al.  1976). 


2.  l)HSK.K\  VI'IONS 


Figure  1(a)  shows  tho  event  obseinred  in  tho  frequency  range 
3*^.5  - is*  on  29  March,  1976  at  05l625  bl’.  A iidcivscopic  "U" 
burst  at  about  35  can  bo  seen  clearly  as  ono  of  tJie  elements 
of  typo  Illb  burst.  An  intensity  variation  is  also  soon  as  a funo- 
tion  of  frequently  and  time  in  both  the  brjtnches  of  the  "U"  burst. 
Tho  frequency  range,  total  duration,  and  time  of  tho  individual 
branches  are  respectively  150  kHz,  1.1  s and  0.4  s.  The  frequency 
drift  rates  of  tho  first  and  the  second  branches  are  -200  kllz/s  and 
+150  kllz/s  rospoctlvaly.  Ono  more  event  of  this  tyj^o  has  been  re- 
corded on  tho  same  da}'. 


;i.  nisoHssioN 


i Recently,  Sawant 

I pic  "U",  "inverted  U" 

! 


ot  al.  (1970)  havo  rej'orted  isolated  mlcrosco- 
;tnd  "partial  U"  solar  radio  bxirsts.  They  have 
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' explained  the  frequency  drift  rates  of  these  microscopic  bursts  by 

the  change  In  the  sign  of  the  local  electron  density  gradients 
which  the  exciter  electron  beaxi  would  encounter  as  It  traverses  an 
Individual  electron  density  Irregularity.  They  have  explained  the 
generation  of  these  bursts  assuming  the  mechanism  of  Induced  scat- 
, taring  for  the  conversion  of  Langmuir  waves  to  electromagnetic 

i-  waves  using  the  theory  developed  by  Melrose  (197^)  for  brightness 

temperature  of  type  III  bursts.  Further  they  estimated  from  the 
I observed  total  duration  of  0.6  s of  the  microscopic  "U"  burst  the 

! length  of  the  density  Irregularity  required  for  the  generation  of 

' : those  microscopic  "U”  bursts  to  be  ^ 10^  km  on  the  assumption  that 

i the  exciter  travelled  with  an  average  velocity  «/0.3  c (where  c 

[ is  the  velocity  of  light).  Takakura  and  Yousef  (197*+)  earlier  had 

given  estimates  of  the  length  of  this  order  for  the  filamentary 
irregularities  responsible  for  the  generation  of  the  stria  bursts 
(type  mb).  In  general,  a low  electron  density  gradient  will 
: provide  larger  Interaction  length  for  induced  scattering  than  the 

steep  density  gradient  and  hence  enhanced  radiation  due  to  the  for- 
mer and  emission  gaps  due  to  the  latter  are  observed  In  the  micro- 
scopic "U"  burst. 

The  fact  that  the  microscopic  "U"  burst  shown  In  Figure  1(a) 

^ occurred  as  one  of  the  elements  of  a type  Illb  burst  and  showed 

intensity  variation  as  a function  of  frequency  and  time  Inplies  that 
the  electron  density  irregularity  Itself  had  a fine  struct\ire 
'■  10^  km)  within  It.  From  theoretical  considerations  Melrose 

i (1975)  has  indicated  the  scale  size  of  Irregularities  to  be  about 

I 300  km  at  2 R© . 

I A possible  mechanism  for  the  near  simultaneous  emission  of 

stria  and  microscopic  "U"  bursts,  assuming  a single  exciter  beam 
responsible  for  them,  Is  sketched  in  Figure  1(b).  A density  irre- 
? gvaarlty  of  size  10^  km  Is  shown  to  exist  along  a kink  In  the  mag- 

netic field  line  In  the  corona.  The  different  density  gradients 
labelled  1,  2,  3 and  4 within  the  kink  correspond  to  the  amissions 
observed  in  the  first  half  of  "U"  and  the  tw)  elements  of  type  Illb 
i representing  a total  length  of  about  5 x 103  km.  Also,  the  appear- 

ance of  a microscopic  "U"  burst  as  cxie  of  the  elements  of  type  Illb 
: burst  permits  us  to  estimate  the  exciter  length  of  the  type  Illb 

' burst  which  turns  out  to  be  of  the  order  of  103  km.  It  is  import- 

' ant  to  note  that  emissions  at  2,  3 and  4 appear  almost  simulta- 

neously whereas  the  emission  at  5 appears  about  50  ms  after  that  at 
4.  This  time  delay  permits  us  to  obtain  an  upper  limit  to  the 
length  of  an  exciter  beam  which  works  out  tov/'  5 x 1(P  km  assuming 
0.3  c for  the  velocity  of  the  exciter. 

Aubier  and  Boischot  (1972)  have  estimated  time  durations  of 
the  exciter  of  type  III  bxirst  and  their  decay  time  constant  to  be 
of  the  order  of  ^ - 8 s and  l - 2 s respectively  from  the  recorded 
time  profiles  of  type  III  bursts  at  three  fixed  frequencies  viz., 

60  , 36.9  and  29.3  MIz.  Recently,  following  the  method  suggested  by 
Aubier  end  Boischot  (1972),  Barrow  and  Achong  (1975)  obtained  the 
exciter  time  durations  and  decay  time  constants  of  type  III  bursts 
from  fixed  frequency  time  profiles  of  103  bursts  recorded  at 
Kingston,  Jamaica  during  1970-74  at  frequencies  l8,  22,  26  and  ^ 

36  MHz.  These  authors  estimated  the  exciter  length  to  be  5 x 107  km 
taking  the  velocity  of  the  exciter  of  type  III  burst  of  «/0.3  c. 

The  observational  evidence  presented  in  this  note  indicates  that  the 
exciter  length  responsible  for  the  generation  of  type  Illb  bursts 
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Figure  1(b).  Schematic  for  siraultiuioous  generation  of 
"U"  burst  and  type  Illb  burst.  1,  2,  3.  and  5 re- 
present  the  irregularities.  Thin  dotted  lino  reproaents 
kink  in  solar  magnetic  field  lino.  Tlvick  Upo  with  arrow 
indicates  the  possible  length  of  exciter.  Si* /St  is 
electron  density  gradient  of  the  irregularity.  ' 
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turns  out  to  bo  two  orders  of  magnitude  smaller  than  that  of  the 
type  III  burst. 
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Discussion 


Steinberg:  I am  tempted  to  question  the  very  existence  of  a type  U 

component  in  your  type  Ill-b  record.  In  my  opinion,  this  type  of 
U is  made  of  several  (2  to  i)  components  clearly  resolved  in  the 
time-frequency  domain. 

Alurkar:  The  two  wings  of  the  type  U are  seen  to  have  different  signs 

of  the  frequency  drift-rates  together  with  brightening  at  the  turn- 
over. We  have  observed  one  more  event  of  this  type. 

Steinberg:  You  invoke  electron  density  inhomogeneities  along  the 

electron  path  to  explain  your  findings.  I do  not  understand  what 
maintains  such  electron  density  deviations  along  the  electron 
path,  i.e.  along  a given  line  of  force. 

Alurkar:  We  know  from  coronal  scattering  of  radio  waves,  IPS  obser- 

vations, etc.  that  field-aligned  density  irregularities  do  exist 
in  the  solar  corona.  These  are  connected  outward  by  the  coronal 
expansion  (as  discussed  in  the  next  paper  "Radio  Evidence  of  Trav- 
elling Coronal  Electron  Density  Irregularities  Near  Two  Solar 
Rad i i " ) . 

Dryer:  (Comment  following  Dr.  Steinberg's  skepticism  - as  noted  in 

his  comment.)  Is  it  possible  that  a periodic,  pulsating  mechanism 
at  the  flare  source  (as  suggested  by  Dr.  P.  Kaufmann  in  the  paper 
“Fast  Flux  and  Polarization  Periodic  Time  Structure  of  Microwave 
Sv.  lar  Bursts"  might  be  resvHjnsible  for  the  generation  of  inhomo- 
geneous plasma  blobs  which  travel  outward? 

Alurkar:  We  know  from  radio  observations  that  field-aligned  plasma 

density  irregularities  exist  in  the  corona,  but  it  is  not  certain 
which  particular  mechanism  is  responsible  for  their  generation. 


Radio  Evidence  of  Travelling  Coronal 
Electron  Density  Irregularities 
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Abstract 


Me  report  here  new  observations  of  "echo-llke"  bursts  which 
have  spectral  "signatures”  slnllar  to  those  of  the  original  bursts 
su^  as  stiiat  split  pplrs  and  type  Illb  but  are  observed  after  a 
certain  tine  delay.  Tiie  centre  frequency  of  the  echo- like  burst  is 
observed  to  differ  by  as  much  as  ^ 300  kHa  from  that  of  the  origl- 
n^  burrt  with  tine  delays  from  a few  milliseconds  to  a few  seconds. 
Thirty  two  such  echo-like  bursts  associated  with  different  spectral 
types  of  bursts  have  been  analyzed. 


Some  of  these  echo- like  bursts  may  be  ejqplained  if  the  same 
ele^ron  density  irregularity  in  the  corona  is  excited  into  plasma 
oscillations  by  two  successive  exciters.  From  the  observed  time 
delays  and  shifts  in  the  centre  frequojcy  of  these  echo- like  bursts, 
it  is  possible  to  estimate  the  velocity  of  coronal  irregularities 
near  2 solar  radii  from  the  photosphere.  These  estimates,  which 
are  coronal  model  dependent,  range  from  lOO  to  1000  ka/s.  This 
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suggests  that  probably  MHD  disturbances  might  be  responsible  for  the 
travelling  coronal  Irregularities. 


1.  INTRODtCTION 


Occurrence  of  an  echo  of  a solar  radio  burst  at  meter  and  deca- 
meter wave  lengths  has  been  reported  earlier  (Roberts,  I958;  Ellis, 
1969;  de  la  Noe  and  Midler- Pedersen,  1971;  Baselyan  et  al.,  1974). 

In  addition  to  the  conventional  echo-type  events  such  as  drift  pairs 
(Roberts,  1958)  also,  stria,  split  pairs,  triplets  and  type  Illb 
bursts  have  been  reported  as  echo  events  (Baselyan  et  al.,  1974). 

The  drift  pair  burst  contains  two  identical  elements,  the  second 
being  repetition  of  the  first  and  is  observed  after  a typical  delay 
of  1 to  2 seconds.  The  frequency  shift  of  the  second  element  is  of 
the  order  of  t I.5  MHz  (Roberts,  I958) . 

High  frequency- resolution  observations  in  the  decameter  range 
(Baselyan  et  al. , 1974-)  led  to  estimates  of  frequency- sM ft  and 
time  delays  for  different  varieties  of  the  echo  events;  on  an  aver- 
age, the  frequency- shift  of  the  second  element  was  of  the  order  of 
i 10  to  30  kHz  and  the  delays  ranged  from  0.5  to  6 seconds.  More- 
over, they  also  observed  that  the  Instantaneous  bandvddths  and 
frequency  drift  rates  were  an  order  of  magnittide  less  in  the  case 
of  the  echo-type  events  coi^pared  to  those  events  without  an  echo. 

We  present  here  observations  of  "echo- like  bursts  carried  out 
by  a high  resolution  solar  decametrlc  spectroscope,  which  has 
enabled  accurate  measuronents  of  the  differences  in  the  frequency 
and  time  of  the  first  and  second  components  of  echo-like  events.  An 
attempt  has  been  made  to  calculate  the  velocity  of  moving  coronal 
irregularities,  which  eire  responsible  for  the  generation  of  echo- 
llke  bursts. 


2.  OBSKRVATIONS 


During  November  1975  and  March  1976  noise  storms,  78  convent- 
ional edio-type  and  32  echo- like  bursts  were  observed  with  the  help 
of  a high  resolution  spectroscope  operating  near  35  MHz  at  Ahmedabad, 
India.  The  frequency  and  time  resolution  of  this  spectroscope  are 
5 kHz  and  10  ms  respectively.  Some  of  the  in5)ortanl  characteristics 
of  these  "echo-like"  bursts  eire  as  follo\re: 

a)  Different  varieties  of  the  bursts  such  as  stria,  split  pair, 
type  Illb,  fast  drift  burst  and  a microscopic  inverted  "U"  bursts 
were  observed  in  the  echo- like  events. 

b)  The  parameters  of  these  bursts  such  as  instantaneous  bandwidths 
and  drift  rates  do  not  differ  from  those  without  echoes. 
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o)  Th«  observed  frequency  difference  between  the  flx*8t  and  second 
component  Is  of  the  oi^er  of  ±300  kHz  or  more  with  respect  to  the 
first  component . 

In  6o  per  cent  of  the  echo-llke  events  the  shift  In  frequency 
was  lower  (-^f)  and  In  40  per  cent  It  was  higher  (-t-z^f).  As  shown 
In  Figure  3,  a convincing  example  of  a microscopic  Inverted  "U" 
burst,  as  an  echo-llke  event,  has  been  observed  on  20  November  1973 
at  0603:30  UT.  It  may  be  noted  that  there  Is  a striking  similarity 
between  the  two  components  except  the  shift  In  frequency  at  the 
"turnover"  point.  If  the  same  electron  density  Irregularity  In  the 
corona  Is  excited  Into  plasma  oscillations  by  two  different  exciters 
then  the  same  spectral  features  with  almost  the  same  properties  will 
be  observed  but  shifted  In  the  frequency  If  the  Irregularity  has 
moved  during  the  period.  This  Is  valid  under  the  assumption  that  the 
density  structure  of  the  Irregularity  remains  unchanged  at  least  for 
the  time  Interval  between  the  two  exciters. 

Assunilng  the  coronal  density  model  Hanson  et  al.  (1969)  and  the 
observed  tine  delays  and  slvifts  in  the  centre  frequency  of  these 
"eclw-llko"  bursts.  It  is  possible  to  estimate  the  velocity  of  the 
coronal  Irrecularlties  near  two  solar  radii  (35  MHz  plasma  level) 
from  the  pliotosphoro. 

Electron  densities  2 to  3 per  cent  in  excess  of  the  background 
are  assumed  to  be  responsible  for  the  generation  of  varieties  of 
bursts  wiiidi  are  located  at  corresponding  plasma  levels  (Takakura 
anti  Yousef,  197**-J  Sawant  et  al.  19/6).  The  height  of  the  IrragXLla- 
ntles  above  photosphere  has  bean  estimated  using  the  coronal  elec- 
tron density  model  of  Hanson  et  al.  (1969)  as  given  by 


N(^  ) = 4 X 10*^  * 

whore  Q is  heliocentric  altitude  in  solar  radii.  Thus,  knowing  the 
distance  that  the  electron  density  irregularity  might  liave  travelled 
during  tlio  delay  time,  the  outward  motions  of  these  irregularities 
are  estimated.  In  case  of  (- A f)  l.e.  negative  frequency  sliift  of 
the  second  component,  the  estimated  motions  of  irregularities  lie 
between  100  to  1000  knv/s. 


X DISCI  SSION 


Tliree  types  of  "eclio-llke"  bursts  were  observed.  They  are: 

(1)  Tl\e  events  in  wliicli  the  second  component  stjurted  at  a lower 
frequency  than  that  of  the  first.  This  difference  in  their  starting 
frequencies  Is  denoted  as  (-  Af)  (Figiffo  1). 

(2)  The  events  in  which  tl»  second  component  started  at  a higher 
frequeiicy  than  that  of  the  first.  This  frequency  difference  is 
denoted  as  ( + Af)  (Figure  2). 
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Flguro  1.  Dynj\inl.c  spectra  of  "ocl»o-llko"  reverse 
drift  p.'iir  observed  at  073^02  171'.  In  tfvis  case 
the  startlnc  frequency  of  the  second  elomont  Is 
lower  (-  ^f  ‘ by  ~ 15’0  kllz. 


It  in;vy  bo  noted  tlvit,  If  Af  ~ 30  kHz,  then  the  event  is  called 
a conventional  "oclio-tyv'o"  (Basolyan  ot  nl.,  197**).  In  the  cases  (1) 
lUid  (2),  the  two  components  may  ovorlaji  In  £lmo  duration  or  the 
socorel  component  may  start  after  the  end  of  the  first  com|ionent . 

The  cases  (1)  lUvl  (.?)  may  be  explained  by  assiunlni^  a single  ex- 
citer beam  traversing  two  coronal  Irror.ularltios  slt\ialed  along  the 
path  of  the  exciter.  If  tlie  length  of  tlio  exciter  beam  is  long.er 
tiian  the  spatial  separation  of  tlie  two  irregularities,  then  this 
would  give  rise  to  an  ovorliqi  in  Lime  of  tlio  omission  of  tlio  two 
components  of  the  Inirst.  It  m.'iy  also  happen  tJiat  the  length  of  the 
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Figure  2,  Dyunralc  a^eotra  cyf  "eclio-llke"  apllt  pair. 

At  05\520  iri’  a ainglo  element  of  ajilit  pair  la  ohaerveil. 
In  till  a caae  at  art  I ng  I'reiiuenoy  of  the  aecotui  ovvni>onent 
la  higher  by  (^Af)  by  100  kUa.  Weak  horlaontal  emla- 
alon  ia  local  tranainlaalon. 


exciter  la  amaller  th»m  the  Inter- Irregularity  gap,  thwi  thlu  will 
cauae  no  overlaj'  In  time  of  tike  two  ooimvnenta.  The  aiiii»ll  frequency 
difference  it  300  klla)  between  the  two  coiq]toinenta  may  ai'lae  due 

to  (1)  difference  In  tl>e  devtatlona  of  alecti\>n  denaltlea  of  Uie  two 
Irragularltlea  or  (11)  chaiAge  In  the  alectivn  detulty  at  tlw  point 
of  reflection  of  ttw  raiHatlon  which  later  ai’Poara  aa  the  aecoixl 
component  of  the  cojwentional  echo  phenomenon.  In  th*  latter  caae, 
one  should  em'ect  a change  of  pv'lariaat  lvut  of  the  reflect  ait  aecoiKl 
coini>onent.  tllnce  iw  aiK'h  change  l»aa  I'een  obaerveil,  tlxla  v'ocalhlllt y 
la  niled  out. 

We  now  consider  "oclk>-llke"  events,  In  wtilch  there  la  ito  ovei'- 
laP  of  amlaalon  of  the  two  comi'onenta  In  ttme.  auch  events  may  Ih» 
thought  of  aa  beljAg  piVKluceit  by  twv>  au'cesalve  exciter  beama  travel'- 
alng  the  aame  density  Irregularity  after  a iHiUte  Interval  of  time. 
The  frequency  alvin  of  the  aecoikl  comi'onent  may  be  attrlbuteit  to  the 
temiK>ral  change.  In  the  magnttvute  of  the  alectrvui  density  deviation 
of  the  irregularity  during  the  time  Interval  between  tlu'  t>a'  aucces- 
alve  excltatlvvia.  Secoiully,  It  la  to  be  exiiect  ed  that  the  Irregula- 
rity wi'Uld  be  converted  by  tin'  coronal  exi'tUialon,  as  la  evldenceil  In 
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Figure  3,  DiTiamlc  spectra  of  “eclJo-Uko"  inverted 
"U”  burst  observed  at  060330  and  060331.5  OT  In 
R( upper)  and  L( lower)  polarization.  Range  of  Inverted 
"U”  burst  Is  ^ 250  kHz. 


the  case  of  microscoixlc  Inverted  "U"  burst  (FM^guro  3)  displaying 
decrease  in  frequency.  TJils  linj'llos  that  the  irregularity  has  niovod 
outward  to  a level  vdiero  the  local  electron  density  is  loss  than 
that  at  the  level  whore  it  was  traversed  by  the  first  exciter.  Tills 
difference  between  the  two  coronal  levels  luis  boon  estimated  using 
the  modal  of  Hanson  ot  ol.  (1969).  Thus  the  velocity  with  wlilch 
the  density  irregularity  travelled  turns  out  to  bo  1793. 16  kiVs. 
There  is  no  reason  why  the  effect  of  more  than  two  exciters  should 
not  have  been  observed.  Tliia  may  partly  bo  duo  to  the  narrow  spec- 
tral range  of  the  spectroscope.  This  llndtation  is  being  overcome 
by  wideninK  the  spectral  range  so  as  to  accommodate  larger  frequency 


slilfts  due  to  a.sjreAter  number  of  exciter  beams 


4.  CONCLl'SION 


We  have  discussed  different  ty^ies  of  "echo- like"  bursts  record- 
!,  ed  with  the  Ivlgh  resolution  spectroscope  at  35  Mils.  It  has  been 

;i!  ob3ei*ved  that  the  second  coqponent  of  the  "echo-like"  burst  may 

p display  difference  in  frequency  with  respect  to  the  first  one  and 

E’  either  partially  overlap  in  time  or  does  not  overlap  at  all.  TJje 

i latter  variety  of  the  "echo- like"  events  has  been  Interpreted  in 

terms  of  excitation  of  a moving  density  irregularity  by  two  succes- 
sive exciter  beams.  lids  effect  has  been  clearly  demonstrated  by 
an  event  of  a pair  of  a microscopic  inverted  "U"  bursts,  the  diff- 
erences in  frequency  and  time  between  wlilch  have  been  used  to  esti- 
mate the  velocity  of  the  irregularity  using  a spherically  syninetri- 
col  corona. 
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Abstract 


For  the  three  principal  solar  radio  events  of  the  March  20  - May 
3,  1976  period  on  March  23  at  0845,  March  28  at  1930  and  April  30  at 
2100  UT,  the  energy  transformed  to  radiation  was  about  0.64,  2.4  and 
1.7  X 1024  ergs  respectively  for  a 600  to  8800  MHz  band.  Surprising- 
ly, the  first  event  to  which  the  high  Ap  value  on  March  26  was  some- 
how related,  was  weaker  than  the  later  5 events.  The  April  30  event 
with  a significant  PCA  and  GLE  had  considerably  less  energy  than  the 
March  28  burst  in  the  same  bandwidth.  In  comparison  with  some  of  the 
most  outstanding  bursts  of  sunspot  cycle  #20  on  e.g.  May  23,  1967, 
March  30,  1969  and  August  4,  1972,  the  1976  events  were  20  to  50  times 
weaker  and  about  10  times  weaker  than  moderate  outbursts  such  as  that 
of  July  23,  1970.  It  is  shown  that  the  spectra  of  the  bursts  play  an 
important  role.  When  radio  emission  to  35000  MHz  is  considered, 
energies  may  be  2 to  4 times  the  above  values  depending  on  the  spec- 
tral hardness  in  the  milimeter  range.  Noise  storm  energy  and  uses 
of  energy  data  are  also  discussed. 
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1.  INTRODUCTION 


Sunspot  cycle  #20  was  a disappointment  to  many  researchers  in 
Solar-Terrestrial  Physics.  It  is  true  that  the  maximum  dally  sunspot 
index  was  much  lower  than  that  for  cycle  #19.  The  number  of  impor- 
tant geophysical  events  was  also  greatly  reduced.  Consider  that  in 
one  year,  1960,  on  9 different  occasions  the  Ap  exceeded  100,  and 
three  times  it  exceeded  200.  Neither  such  magnitude  nor  frequency  of 
activity  have  been  attained  in  this  cycle.  However,  great  strides 
have  been  made  in  sunspot  cycle  #20  in  development  of  sensors  for 
various  satellite  measurements. 

In  the  ground  based  observation  area,  we  could  cite  the  progress 
made  in  continuity,  bandwidth  and  accuracy  of  discrete  frequency 
solar  radio  observations  from  100  to  70,000  MHz  CCastelli,  et  al. 
1973].  Because  of  this,  it  is  now  possible  to  discuss  solar  radio 
burst  energy  measurements  with  confidence  for  scientific  applications. 

In  terms  of  total  energy  from  the  sun  at  the  time  of  a flare/ 
burst,  the  radio  energy  may  be  small.  However  just  as  radio  burst 
emission  is  producing  valuable  signatures  for  predicting  the  occur- 
rence, intensity  and  spectra  of  proton  events,  it  is  believed  that 
accurate  radio  burst  energy  measurements  may  serve  scientists  in  the 
solar-terrestrial  effects  area  in  relating  to  interplanetary  para- 
meters, [Dryer,  1974  and  Pint4r  and  Dryer,  1976),  and  physical 
mechanisms. 


2.  BURST  ENERGY  INPUTS  MARCH  MAY  1976 


2.1  Peak  Flux  Denaity  Spectra 


During  the  March-May  1976  period,  from  the  radio  viewpoint  there 
were  three  principal  events  which  occurred  on  March  23,  March  28  and 
April  30,  tCastelli  and  Barron,  1977J.  The  first  two  events  occurred 
during  one  disk  passage  of  the  active  region,  McMath  #14143.  Asso- 
ciated Ap's  of  138  and  107  occurred  on  March  26  and  April  1 for  these 
first  twb  events.  The  April  30  event  took  place  during  the  following 
disk  passage.  The  radio  burst  profiles  are  shown  in  Figures  1,  2, 
and  3.  The  first  was  observed  at  Manila  (P.I.)  Observatory  while  the 
2nd  and  3rd  were  observed  at  the  Sagamore  Hill  Radio  Observatory. 

Note  that  there  are  certain  similarities  of  burst  complexity  and 
structure.  Note  the  superposed  spikes  on  the  1415  MHz  records.  The 
slow  rise  to  maximum  (>  5 minutes)  at  centimeter  wavelengths  is  note- 
worthy. In  terms  of  total  duration,  the  March  28  event  was  the  long- 
est at  meter  wavelengths. 
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Figure  1.  Great  Radio  Burst  Observed  on  March  23,  1976  at  Manila 
Observatory,  P.  i. 
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Figure  2.  Great  Burst  Observed  28  March  1976  at  Sagamore  Hill  Radio 
Observatory,  Hamilton,  Mass. 
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Figure  3.  Great  Burst  Observed  on  30  April  1976  at  Sagamore  Hill 
Radio  Observatory,  Hamilton,  Mass. 


The  peak  flux  density  spectra  of  the  events  are  shown  in  Fiqure 
4.  The  curves  show  the  characteristic  "U"  spectrum,  predictive  of 
proton  emission.  The  points  comprising  the  spectra  can  be  measured 
with  good  accuracy,  generally  better  than  10-15%.  Thus,  spectral 
information  presented  has  quantitative  merit. 


Figure  4.  Burst  Peak  Flux  Density  Spectra  for  Events  of  23  March, 
28  March,  and  30  April  1976. 
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2.2  faitegrated  FIm  Denrity 


If  one  determines  the  area  under  any  of  the  burst  curves  as  in 
Figures  If 2,3  one  thereby  derives  burst  integrated  flux  density 
(Joules  M'^hj-I) . Briefly  one  multiplies  the  burst  duration  in  se- 
conds by  the  burst  mean  amplitude.  (A  value  of  about  10“^'  J 
is  the  statistical  threshold  for  a small  PCA  or  proton  event) . The 
integrated  flux  density  spectra  for  the  three  events  in  question  are 
shown  in  Figure  5.  Note  that  while  the  spectra  are  quite  different, 
the  curves  are  reasonably  smooth.  (Note  that  spectra  with  large 
values  at  the  highest  frequencies  will  produce  the  largest  mean  inte- 
grated flux  density  over  specified  bands  and  in  turn  greatest  energy.) 


Frequency . MHz 


Figure  5.  Burst  Integrated  Flux  Density  Spectra  for  March  23, 
March  28,  and  April  30,  1976,  Events. 


Whereas  at  one  time  the  problem  was  to  determine  the  burst  mean 
amplitude  over  the  duration  of  the  event,  now  with  a system  of  auto- 
mation for  Scunpllng  the  burst  at  all  frequencies  every  few  seconds 
and  maintaining  a running  summation  of  the  area  of  the  multiple  rec- 
tangles, (Guidice,  19751  it  is  possible  to  have  an  accurate  burst 
Integrated  flux  density  value  at  any  Instant  during  the  burst  and  cer- 
tainly at  the  end  of  the  event. 

At  different  times  burst  integrated  flux  density  at  different 
frequencies  has  been  used  as  a quantitative  predictor  of  10  MeV  pro- 
ton flux.  Early  in  cycle  #20,  1415  MHz  seemed  better  correlated 
[ Straka  and  Barron,  1970],  while  for  later  cycle  events,  8800  MHz 
seemed  to  provide  better  correlation  ICastelli  and  Guidice,  1976  I. 
Possibly  the  mean  integrated  flux  density  over  the  band,  say  from 
1000  to  10,000  MHz,  will  provide  the  best  correlation  from  an  experi- 
mental viewpoint.  This  is  being  addressed. 
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3.  Bl'RST  K.?<KRt:Y  TRANSKORMkl)  TO  RAIUATION 


The  radiated  energy  per  unit  bandwidth  at  the  sun  may  be  computed 
from  the  burst  integrated  flux  density  at  a given  frequency  recorded 
at  the  earth  and  multiplied  by  the  area  of  a sphere,  4*  r2,  where  R“ 
ISOxlO^Km  (1.5x10^^  meters),  the  earth-sun  mean  distance.  Perhaps 
hemispheric  geometry  is  more  appropriate.  We  have  assumed  this.  The 
total  microwave  energy  radiated  at  the  sun  in  a given  band  after  con- 
verting Joules  to  Ergs  is:  E-(mean  integrated  flux  density  i'l  Jm”* 
Hz“M  (Bandwidth  in  Hz)  (k"10')  (2  » R^  « 14.14x1022).  Equation  1. 

Table  1 shows  burst  mean  integrated  flux  density  for  the  three 
events  noted  for  the  600  to  8800  MHz  band.  These  data  are  derived 
essentially  from  Figure  5.  The  burst  energy  transformed  to  radiation 
for  the  same  events  is  also  shown.  To  place  the  1976  events  in  proper 
perspective,  burst  energies  for  six  other  arbitrarily  selected  cycle 
20  events  are  shown  in  the  table.  The  bvirst  energies  are  compared 
graphically  in  Figured  6.  There  is  almost  two  orders  of  magnitude 
difference  between  the  smallest  and  largest  events  in  Table  1. 


Figure  6.  Comparison  of  Burst  Energy  at  606-8800 
MHz  in  Selected  Events 


Table  1.  Burst  Energy  Transformed  to  Radiation 


I 

I 

I 


r 

Event  Date 

Mean  Integrated  Flux  Density 
600-8800MH*,  J m"2Hflxl0“l^ 

Burst  Energy 
600-8800  IWz 
ERGS  X 102« 

23  March  1976 

0.  55 

0.64 

28  March  1976 

2.2 

2.4  1 

1 30  April  1976 

1.47 

1.7 

1 23  May  1976 

16.0 

18.5 

1 30  March  1969 

18.5 

21.0 

23  July  1970 

6.0 

7.0 

4 August  1972 

17.4 

20.0 

1 7 August  1972 

7.7 

8.9 

1 21  August  1975 

0.21 

0.24 

4.  HI  RST  EMKKin  APPLICATIONS 


The  burst  energy  provides  a measure  of  the  energy  contained  in 
the  non-thermal  distribution  of  flare-accelerated  electrons.  A 
significant  portion  of  the  enerc7y  contained  in  ?100  KeV  electrons  is 
radiated  as  synchrotron  emission  Qh.C,  Ko,  Private  Communication, 

19763  predominantly  at  cm-and  n\nt-  wavelengths,  and  makes  up  most  of 
the  energy  radiated  at  radio  wavelengths.  Electrons  of  lower  energy 
lose  almost  all  of  their  energy  through  elastic  collisions  heating 
the  solar  atmosphere. 

Impulsive  (non-thermal)  X-ray  bursts  indicate  that  the  non-ther- 
mal  electrons  have  a power-l.aw  distribution  E*"'' (dN/dEwE"^  ) with  ~ 4 , 
commonly  extending  down  to  •~'10  keV  and  occasionally  down  to  at  least 
3 keV,  [Kahler  and  Kreplin,  19713. 

Different  flares,  thus,  have  similar  non-thermal  electron  distri- 
butions and  measurement  of  the  energy  contained  in  >100  keV  electrons 
serves  to  scale  the  total  energy  contained  in  the  non-thermal  elect- 
rons (at  least  in  >10  keV  electrons).  Since  the  relationship  between 
accelerated  electrons  .and  protons  should  be  systematic,  burst  energy 
should  serve  as  an  index  of  the  terrestrial  effects  of  a flare,  as 
has  indeed  been  shown  for  peak  PCA  absorption  (Straka  and  Barron, 

Since  non-thermal  electrons  may  contain  a major  portion  of  the  tot.al 
energy  of  a flare  CSyrovatskii  and  Shmeleva,  1972;  Brown,  1973;  Lin, 
1975J,  burst  energy  should  serve  as  a general  flare  index. 


335 


I 


The  application  of  the  burst  energy  as  a general  flare  index  is 
illustrated  in  Figure  7.  Figure  7 compares  the  burst  energy  (606- 
8800  MHz)  of  the  23  March,  28  March,  and  30  April  1976  flares  with 
the  energy  radiated  by  these  flares  in  soft  x-rays  and  H«[/«arkova, 
19773 • The  radiated  energies  are  plotted  according  to  the  energies 
of  the  radiating  electrons.  There  is  good  agreement  between  the 
relative  amounts  of  energy  radiated  in  each  wavelength  range.  The 
wide  spread  of  H«  energies  may  be  due  to  difficulty  in  observing  the 
23  March  flare  at  the  East  limb  or  to  limitations  of  the  method  em- 
ployed to  estimate  the  energy  from  flare  durations. 


Energy  of  Radiating  Etcctrons  ( KeV  ) 


Figure  7.  Comparison  of  Energy  Radiated  at  Different  Wavelengths. 


Figures  7 also  illustrates  an  application  of  burst  energy  to 
flare  energetics.  If  the  flare  acceleration  mechanism  were  efficient 
Hn  and  soft  x-ray  energies  would  come  largely  from  heat  produced  by 
the  accelerated,  non-thermal  electrons.  The  electron  distribution 
must  then  extend  down  to  a low-energy  cut  off  Eq'^I  keV  to  contain 
sufficient  energy.  Soft  X-ray  energy  should  correlate  well  with  burst 
energy.  Small  variations  of Y and  Eq  between  flares  would  produce 
large  differences  in  Hu’  energy  and  reduce  the  correlation  between  Ho 
and  burst  or  soft  X-ray  energies.  If  the  acceleration  mechanism  were 
inefficient,  He  and  soft  X-ray  energies  would  come  from  heat  produced 
while  accelerating  the  electrons.  In  the  inefficient  case,  H"  and 
soft  X-ray  energies  should  correlate  well.  Small  variations  in  effi- 
ciency would  produce  large  differences  in  burst  energy  and  reduce  the 
correlation  between  burst  energy'  and  He  or  soft  X-ray  energy.  If  the 
nature  of  the  acceleration  mechanism  could  be  identified,  burst  energy- 
could  contribute  to  more  detailed  analyses  of  the  distribution  and 
redistribution  of  flare  energy. 


5.  OTHK.K  CONSU)K,RATlO!SS 


Earlier  in  Figure  5,  the  integrated  flux  density  spectra  for 
several  bursts  was  shown.  The  total  energy  transformed  to  radiation 
in  the  band  from  600  to  8800  MHz  was  also  given.  Obviously  this 
energy  is  highly  dependent  on  the  shape  of  the  spectrum  at  the  high 
frequency  end  because  of  the  bandwidth  term  shown  in  equation  1.  It 
is  easy  to  see  that  when  bursts  which  have  the  spectral  maximum  in 
the  very  short  cm  wavelength  range,  the  integrated  flux  density  spec- 
tral maximum  considerably  above  10,000  MHz  and  with  a moderate  slope 
in  the  high  frequency  direction  (i.e.,  the  spectrum  not  dropping  off 
sharply),  the  burst  energy  from  600  to  35000  MHz  can  be  easily  2 to  4 
times  that  found  in  the  600-8800  MHz  range. 

While  we  have  especially  addressed  burst  energy  in  the  centimeter 
band  and  have  cited  its  application  to  the  prediction  of  ^10  MeV  pro- 
ton flux,  other  parts  of  the  radio  spectrum  and  other  times  than 
during  bursts  should  be  considered  for  other  applications.  For 
example,  extremely  high  Ap's  on  March  26  and  April  1,  1977  were  noted. 
We  do  not  wish  to  imply  a unique  correlation  between  high  Ap's  and 
sproadic  bursts  or  cm  burst  energy.  The  Ap  may  be  high  in  associa- 
tion with  bursts.  It  may  also  be  high  without  bursts.  In  either 
case  the  disturbance  causing  the  magnetic  effect  probably  propagates 
radially  from  the  sun.  For  the  former  case  (with  burst  association) 
disk  position  of  the  flareA>urst  is  not  particularly  important;  i.e., 
a magnetic  storm  and  a high  Ap  may  occur  when  the  flare/burst  occurs 
at  any  visible  solar  disk  position.  A fairly  broad  cone  of  propaga- 
tion of  the  causative  shock  wave  seems  essential.  For  the  latter  (no 
flare/burst) , the  source  of  the  high  A must  originate  from  close 
to  the  central  meridian  of  the  sun.  A^more  narrow  cone  of  propaga- 
tion is  implied  from  data. 

A radio  signature  (sometimes  used) for  recurrent  magnetic  storms 
is  the  noise  storm  energy  in  the  100  to  300  MHz  range.  The  noise 
storm  activity  (not  flare  associated)  lasts  generally  several  days 
and  for  large  A^'s  may  have  a mean  flux  density  of  50  to  lOO  x 10“^^ 


W for  24  hours.  This  is  equivalent  to  about  6 to  12  x 10^^ 

Ergs.  Such  was  measured  April  1,  1976  when  the  Ap  reached  107. 

It  is  risky  to  invoke  noise  storm  correlation  quantitatively 
with  sporadic  events  since  it  is  still  uncertain  in  how  much  meter 
wavelength  radio  noise  is  attenuated  as  a function  of  disk  position. 
Nevertheless , an  asswed  attenuation  of  3 dB  for  a reported  noise 
storm  flux  of  46xl0”22  m'^Hz"^  at  200  MHz  on  March  26  would  easily 

yield  a corrected  energy  in  excess  of  that  on  1 April  - in  coarse 
correlation  with  the  A of  137  on  March  26. 
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Abstract 


This  paper  describes  time  lapse  H-a3pha  observations  made  at 
Odalpur  Solar  Observatory  and  solar  radio  emissions  observed  from 
the  Physical  Research  Laboratory,  Ahmedabad,  dtirlng  March  1976  (STIP 
Interval-II).  Svldences  are  presented  for  mass  ejections  from  flar- 
ing regions.  Transverse  velocity  of  propagation  of  disturbances  was 
found  to  range  from  200  to  500  Ws.  A tendency  for  the  flares  and 
surges  to  occur  in  quick  succession  was  observed.  A moving  wave 
^th  a speed  of  500  Knv/s  was  observed  associated  with  the  flare  on 
26th  March,  but  no  typo  II  radio  bursts  were  reported  accompanying 
this  event.  This  may  Indicate  that  the  shock  wave  detected  from 
optical  observations  travelled  predominantly  in  transverse  direction. 
However,  a few  type  Illb,  many  type  III  bursts  and  a noise  storm  at 
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meter  and  decameter  wavelengths  were  observed  associated  with  the 
March  26  event.  It  Is  therefore  concluded  that  only  fast  electrons 
escmed  Into  the  corona  and  not  the  flare- generated  shock  wave 
whlw  was  detected  optically. 


1.  INTRODUCTION 


This  report  Is  a result  of  analysis  of  observations  obtained 
during  the  "Study  of  Travelllirg  Interplanetary  Phenomenon  (STIP) 
interval-II",  from  the  Udaipur  Solar  Observatory  located  on  an  Is- 
land In  the  Fatehsagar  lake  at  Udaipur  (73i8E,  2495N)  and  simult- 
aneous radio  observations  from  Physical  Resejirch  Laboratory  (PRL), 
Ahmedabad  (7296E,  2390N).  The  solar  observatory  has  a 12- foot  spar 
with  a solar  gulder  and  two  6-inch  refractors,  one  of  idiich  Is  being 

the  anxn  in  viiite  light 
-alpha  using,  a 
and  Bhatnagar. 

Time* lapse  movies  are  regularly  made  for  study  of  transient  solar 
events.  A study  of  such  movies  made  during  STIP  interval-II.  has 
revealed  Interesting  solar  events  on  21st,  22nd,  24th  and  26th  March, 
1976.  In  particular  on  26th  March,  a flare-generated  wave  disturb- 
ance was  observed,  which  incidentally  did  not  give  rise  to  type  II 
radio  bursts.  We  report  here  the  transient  optical  phenomena 
observed  In  McMath  regions  14127  and  I4l43  dxiring  STIP  interval-II 
along  with  the  corresponding  ra^o  observations.  The  radio  observa- 
tions were  made  at  PRL,  Ahmedabad,  India,  with  the  help  of  35.2  - 
34.2  MHz  spectroscope,  which  has  a time  resolution  of  10  ms,  and  a 
frequency  resolutiwi  of  5 kHz.  simultaneously  in  riglit-handed  and 
left-handed  circular  polarizations.  During  tills  period  a strong 
radio  noise  storm  was  in  progress. 


2.  EVENTS  OF  21ST  MARCH  1976 


In  HcHath  region  l4l27  (N05,  W32)  a subflare  occurred  at  O836 
UT  near  the  preceding  spot- A at  position  marked  F1  in  Figure  1. 
Following  the  subflare  a dark  filament  D1  showed  considerable  acti- 
vity and  finally  got  disrupted.  A bright  surge  starting  near  tills 
spot- A was  observed  soon  alter  the  flare.  Another  surge  was  observed 
at  0324  UT  near  the  spot- A in  >Aiich  the  material  moved  swiftly  along 
an  arch  and  appeared  to  fall  back  around  0345  UT.  In  this  case  we 
did  not  observe  any  brightening  at  the  feet  of  the  falling  surge 
material  as  is  suggested  by  Hyder's  (I967a,b)  in  fall-impact  theory. 

On  the  same  day,  Culgoora  Observatory,  Australia,  reported  type 
III  bursts  of  Intensity  1 in  metric  band  from  0000  UT.  It  is  also 
well  known  that  type  III  bursts  are  closely  associated  with  flares 
but  some  remote  relation  between  type  III  bursts  and  surges  can  not 
be  excluded  (Svestka,  1976).  The  observed  type  III  bursts  therefore 
might  have  been  caused  by  the  flare-surge  activity. 
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Figure  1.  McMath  region  14'127  on  1976  Marcli  21, 
showing  the  plnce  of  flare  occurrence  and  the  dark 
filament,  which  shoved  considerable  activity. 


3.  KVKNTS  OK  22NI)  MARCH  l«»76 


On  22nd  Marcli  1976,  McMath  region  l4l27  (N05,  W43)  was  well 
developed  with  mucli  activity  giving  rise  to  several  surges,  filament 
activity  and  a sequence  of  sub- flares.  The  first  sub- flare  observed 
at  0349  OT  near  Ft,  as  shown  in  Figure  2,  attained  maximum  at  0351 
UT.  During  the  rising  phase  of  tliis  Hare  a brlglit  surge  was  seen 
ejected  from  the  flaring  region.  After  a minute  another  flare  was 
seen  in  the  same  region.  Jbst  before  and  during  the  development  of 
these  flares  a brlglit  loop-like  structure,  slightly  away,  in  tlie 
same  plage  region  was  seen  forming,  breaking-up  and  forrilng  once 
again.  At  0456  UT  and  0509  UT  two  more  flares  wore  observed  in  tlM 
some  region  In  quick  succession. 

A series  of  dark  surges  was  observed  starting  near  the  foot  of 
the  brlglit  loop-like  structure  imllcated  by  IlL  in  Figure  2.  The 
trajectories  of  these  surges  appeared  to  bo  tangential  to  tlio  bright 
loop  but  did  not  follow  the  close  loop  structure,  this  suggests  tliat 
the  surge  material  was  thrown  out  along  the  open  field  lines.  The 
velocities  of  these  surges  range  from  40  to  150  knv's.  Many  obser- 
vers have  reported  that  surges  have  a strong  recurrence  tendency 
with  a poquoncy  of  the  order  of  one  hour,  to  appear  ai*ound  the  same 
place  (svestka,  1976).  However,  in  tills  case  wo  have  observed  mucli 
higher  frequency  of  recurrence  of  surges  from  the  some  region. 
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Figure  2.  HcMath  region  1V127  on  1976  March  22, 
allowing  the  bright  loop,  places  of  surge  and  flare 
occurrence. 


Swanro  at  al.  (I960)  have  shown  that  the  probability  of  a fast 
radio  drift  burst  increases,  if  the  flare  is  followed  by  a surge. 

On  22nd  March,  the  Physical  Research  Laboratory,  Ahaodabad,  reported 
groups  of  type  III  and  Illb  bursts  in  decametric  and  metric  bands 
between  0419  and  0722  UT.  Culgoora  Observatory,  Australia,  also 
reported  metric  noise  storm  activity  on  the  same  day.  These  type 
III  & Illb  radio  bursts  correspond  to  the  same  period  during  vdilch 
we  have  observed  the  flare- surge  activity.  As  there  was  only  one 
active  region  on  the  svm  during  this  period,  it  is  evident  that 
these  radio  bursts  were  associated  with  the  observed  flare-surge 
activity. 


4.  KVKNTS  OK  24TH  MARCH  1976 


In  the  sane  McMath  region  14127,  which  moved  now  close  to  the 
western  limb  of  the  sun  (N06,  W72),  several  sub- flares  associated 
with  mass  ejections  were  observed.  At  0343  IIT  a sub-flare  occurred, 
which  attained  maximum  phase  at  0346  UT.  Two  more  flares  were  ob- 
served in  quick  succession,  at  an  interval  of  two  minutes  with  max- 
imum at  0347  and  0349  UT  respectively. 

Figure  3 shows  the  development  of  another  flare  in  the  same 


^ DEVELOPMENT  OF  SOLAR  FLARE 

24  MARCH  1976 
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Figure  3*  Development  of  solar  flare  in 
McMath  region  14127  on  1976  March  24. 


McMath  region  14127  from  05l4  to  05l6  TJT.  After  the  flash  phase 
(middle  frame)  part  of  the  flare  detached  from  the  main  body  of  tha 
flare  and  disappeared  very  fast  like  a bright  spray. 

In  Figure  4 Is  seen  a small  V-shaped  loop  along  uhlch  the 
bright  material  moved  and  caused  maximum  brightness  at  tha  vertex  of 
the  loop.  It  appears  that  the  vertex  of  this  loop  represents  the 
region  of  the  reconnection  of  the  magnetic  field  lines.  The  bright- 
ness of  the  loop  disappeared  after  a minute. 

T^e  III  and  Illb  bursts  In  metric  band  were  reported  on  this 
day  between  0000  and  0357  OT,  and  ware  probably  associated  with  the 
above  observed  flares.  These  flares  excited  the  surge  activity  and 
elected  material  from  this  active  region  with  a velo^ty  range  of 
150  - 200  lav's,  similar  to  those  occurred  In  the  same  region  on  22nd 
March,  1976.  No  flare  generated  wave  effects  were  detect^  and  also 
no  type  Il/IV  radio  bursts  were  reported. 


5.  EVENTS  OF  26TH  MARCH  1976 


On  26th  March  the  only  region  visible  on  the  solar  disk  was 
McMath  region  I4l43  (S07,  s58).  This  region  showed  considerable 
activity  Involving  filaments,  surges  and  flares.  During  our 
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DEVELOPMENT  OF  SOLAR  FLARE 
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Figure  4.  Development  of  solar  flare  In 
McMath  region  14127  on  1976  March  24, 


observing  period  from  0240  to  1l40  UT,  three  flares  were  observed  at 
an  Interval  of  {d>o;it  an  hour,  many  surges,  bright  knots  of  short 
duration  and  filament  activity  were  also  observed. 

On  the  following  side  of  the  spot,  nearby  plage  regions  were 
observed  to  develop  Into  bright  knots.  These  bright  knots  soon 
Joined  together  to  give  rise  to  the  first  flare  ^Ich  started  at 
0348  UT  and  attained  maximum  brightness  at  0400  UT.  This  flare  was 
followed  by  a bright  surge  from  the  same  region.  A second  flare, 
vdrlch  attained  maximum  brightness  at  07l8  UT  and  decayed  around 
0733  ^ occurred  at  exactly  the  same  place  as  the  first  flare.  The 
development  of  this  second  flare  along  with  the  corresponding  radio 
observations  In  right-handed  and  left-handed  polarizations)  made  at 
PRL,  Ahmedabad,  are  shown  In  Figure  5*  ^4e  sequence  of  pictures  In 

Figure  5i  clearly  show  the  formation,  expansion  and  the  decay  phase 
of  this  flare.  The  maximum  phase  Is  Indicated  by  the  arrow. 

The  other  flare  which  occurred  towoitls  the  preceding  side  of 
the  spot,  and  attained  the  maximum  phase  at  O832  UT  was  caused  by 
Joining  of  few  bright  knots  which  had  developed  along  the  filament. 
This  flare  Is  very  Interesting  as  It  generated  a travelUi^  wave 
front  disturbance  which  propagated  outwards  perhaps  during  the  flash 
phase  of  the  flare,  with  a velocity  of  about  ^00  Tsm/a.  The  develop- 
ment of  this  flare  and  the  wave  phenomena  Is  shown  In  Figure  6 
throu^  a sequence  of  plctxires.  The  arrow  In  Flgiu'e  6 shows  the 
travelling  wave  front.  The  wave  front  of  tills  disturbance  started 
In  a radial  sector  of  about  706  on  the  disk,  around  the  flare  region. 
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Pli:\u'o  6.  Devolopraont  of  flaro  gonerntod 
wave  vUatiu'baiJco  in  McMatJi  region  14143  on 
1071'  March  26. 


.M'tor  movlni^  sorao  vUstanco  outwards  t!d.s  wave  front  cinumoLleKl  in 
two  directions.  /U.ong  one  of  these  directions,  at  a distance  of 
about  ;;4,000  tos  fron  the  si'ot,  the  mov^lng  fivnt  caused  a brlghtei>- 
Int:  shown  in  Figure  o.  Tiio  other  wave  front  simply  fadcul  out  on 
the  disk. 


A mjor  noise  storm  assoclatoti  wltli  tills  event  was  reported 
from  I'iiL,  Alu'uxiabad,  IixUa,  aJxl  Oulgoora  0bsorvatoi7 , Austrixlia, 
consisting  of  typo  I cofitlnuiun,  t>^'o  111  and  t>^'o  Illb  biu'sts  at 
meter  atui  decairieter  wavoleiv.l-l's , fivm  Joth  March  to  pixi  <ii'rll  107b 
(Sawiint  et  ;U..  1‘^7b),  but  no  t^^'e  11/IV  bursts  were  roi'ortiV.  \dilcJli 
are  generally  associated  with  sxich  I'lare-t  rlggertni  wave  illst  iirbaiices. 


In  earticular  on  2oth  March,  1070  of  the  activity  was  of 

tj-pe  nil)  bxu'sts,  a few  Isolated  type  Illb  and  assoclattxi  type  111b- 
lll  biu'sts.  /Uso  Weissonau  Uadio  Ast  ixuiomy  Observatory  iK.U.d.)  and 
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Dulngeloo  Observatory  (Netherlands)  reported  grotq;>8  of  type  III  and 
Illb  bursts  between  0735.1  - 0735.V  UT»  0747.5  - 0743.1  UT,  0821  - 
0930  or,  0929.5  - 0930.5  or  and  0933.2  - 0933.3  or,  in  metric  band. 

Incidentally  tvpe  Illb  - tj^e  III  activity  associated  with  071 8 
UT  flare  was  also  observed  at  FlU..  This  type  lllb  burst  was  Intense 
and  unpolarlzed.  On  26th  March,  type  Illb  activity  was  also  rerarted 
by  the  Culgoora  observatoiy,  ex^enMng  up  to  80  MHz.  These  evidences 
together  with  the  noise  storm  suggest  that  these  bursts  are  most 
likely  to  be  "Off- fringe"  type  ill  bursts (Gergley  and  Kundu,  1975). 

It  Is  significant  that  the  type  Illb  burst  was  observed  over  the 
entire  band  from  80  MHz  down  to  at  least  34  MHz  and  was  tu^olarlzed. 
Therefore,  It  Is  felt,  that  this  type  Illb  burst  might  also  bo  of 
"Off-frlnge"  type,  since  It  meets  all  the  criteria  necessary  for  such 
Identification  as  follows 

(I)  Association  of  "Off-frlnge"  type  Illb  bursts  with  a flare. 

(II)  Weak  or  no  polarization,  and 

(III)  Wide  spectral  range. 

A positional.  Information  of  these  bursts  (Illb  and  III)  mLg^t 
have  been  useful  to  verify  tids  suggestion. 


6.  nisciissiois 


Observations  on  21,  22  and  24  March,  of  surge  activity  asso- 
ciated with  flaures.  Indicate  that  the  frequency  of  surge  recurrence 
is  about  15  minutes  which  Is  higher  than  the  earlier  estimates  of  the 
order  of  one  hour. 

If  one  considers  the  energetics  of  solar  flares  that  give  rise 
to  Interplanetary  sloock  waves,  more  them  half  of  the  total  energy  Is 
cairned  away  by  them  In  the  Interplanetary  medium  at  least  up  to  1 AD 
(Hundhausen,  1972;  Dryer,  1975).  When  one  tiles  to  identify  an  opti- 
cal flare,  responsible  for  interplanetary  shock  waves,  the  causal 
relatlonsMp  Is  not  always  unambiguous,  as  It  may  happen  that  even 
a large  H-alpha  flare  may  not  always  produce  sucn  shock  waves.  It 
Is  well  known  that  the  ground-based  radio  observations  of  type  II/IV 
bursts  associated  with  on  optical  flare  facilitates  unambiguous 
identification  of  the  flare  responsible  for  the  shock  wave  generation. 

It  is  generally  accepted  that  type  11  bursts  are  generated  by 
plasma  oscillations  caused  by  the  outward  passage  of  MHD  shock  wave 
through  the  corona  and  type  IV  bursts  by  synchrotron  mechanism  of 
near-relativistlc  electrons  trapped  in  a sxdtable  magnetic  field 
configuration. 

Now  according  to  oiir  observations,  we  see  that  the  H-alpha  flare 
of  26th  Meirch,  generated  a shock  wave.  If  this  shock  wave  had  trav- 
elled outward  through  the  corona  then  type  II  bursts  should  have  been 
observed,  but  in  fact  type  II  bursts  were  not  observed  on  26th  March, 
as  is  evident  from  radio  observations  made  at  PRL,  Alimedabad.  J^lure 
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to  obsorre  type  II  bursts  associated  uith  this  event,  iBqpIles  that 
the  shock  vave  probably  travelled  predoolnently  In  the  transverse 
direction  with  a velocity  of  the  order  of  500  kVs  in  region  of  weak 
magnetic  field.  Hence  it  is  concluded  that  only  fast  electrons 
escaped  into  the  corona  and  not  the  flare-generated  primary  distur- 
bance. 
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Abstract 


The  solar  wind  stream  structure  in  early  1976,  as  observed  from  the  Helios 
solar  probes,  was  still  governed  by  well  developed  high  speed  streams.  The  front  of 
the  big  stream  associated  with  the  north  polar  coronal  hole  hapf>ened  to  be  observed 
around  day  74  (14  March)  when  Helios-1  (at  0.45  AU) , Helios-2  (at  0.68  AO)  and  the 
earth  were  within  a 15  degree-range  of  heliographic  longitude.  The  spiral  angle  of 
the  stre^un  front  can  be  determined  without  ambiguities  caused  by  temixsral  or  lat- 
itudinal effects.  An  usually  sharp  streiun  interface  was  observed  in  the  same  edge, 
but  only  from  Helios-2.  This  discontinuity  shows  a density  increase  and  a proton 
temperature  decrease,  both  by  a factor  of  three,  and  a velocity  increase  by 
60  )an/sec  within  only  40  seconds.  The  northern  stream  was  obser\’ed  again  when 
Helios-2  was  close  to  perihelion  (at  0.29  AU) . The  whole  course  of  observations  now 
confirms  that  the  boundaries  between  low  and  high  speed  streeuns  inside  0.4  AU  are 
characterized  by  speed  gradients  of  the  order  of  100  km/sec  per  degree.  The  flare 
activity  around  April  1st  resulted  in  several  interplanetary  shocks  which  covild  I'e 
detected  from  Helios-2  (lo'  west  of  the  earth  at  0.45  AU)  but  not  at  all  from 
Helios-1  (at  90*  west  at  0.31  AU) . 
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In  this  summary  a brief  survey  is  given  on  some  important  features  of  the  solar 
wind  during  STIP  II  Interval  as  measured  by  the  plasma  instruments  onboard  the 
Helios  solar  probes  (Rosenbauer,  et  al.,  1977). 

In  Figure  1 the  orbits  of  the  Helios  probes  and  the  earth  are  given,  showing 
that  several  line-up  configurations  occurred  during  STIP  II  Interval,  specifically 
between  Helios-1  and  Helios-2,  on  day  69  (9  March)  and  day  124  (3  May),  between 
Helios-1  and  the  earth,  on  day  74  (14  March),  and  between  Helios-^  and  the  earth,  on 
day  65  (25  March) . 

The  solar  wind  stream  structure  in  early  1976  was  still  governed  by  well- 
developed  high  speed  streams  (see  Figures  2 and  3) . They  can  readily  be  related  to 
their  probable  sources,  the  coronal  holes,  as  observed  by  means  of  white  light 
coronagraphs  (courtesy  of  R.  T.  Hansen,  HAO,  Boulder) . 

The  existence  of  quite  sharp  latitudinal  boundaries  of  high  speed  streams  in 
the  sun's  equatorial  regions  (Schwenn,  et  al.,  1976)  could  be  confirmed.  The 
favorable  configuration  of  the  Helios  orbits  (see  Figure  1)  caused  a separation  of 
the  Helios  probes  with  respect  to  both  heliocentric  longitude  and  latitude  in  the 
perihelion  phase.  The  latitudinal  boundaries  of  two  different  streams  happened  to 
)3e  in  such  a location  that  the  boundary  could  be  observed  from  both  sides,  Helios-1 


Figure  1.  The  orbits  of  Helios-1,  Helios-2  and  the 
earth  around  the  sun  in  the  first  six  months  of  1976 
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Figure  3.  The  solar  wind  proton  bulk  8{-«ed  Vp,  density  n , and  teim^erature  Tp, 
plotted  as  one-hour  averages,  during  Carrington  rotation  1640  as  measured  from 
Helios-1  (upper  panels)  and  Helioa-2  (lower  jvinels) . The  magnetic  sectors  as 
determined  from  preliminary  magnetic  field  data  (courtesy  of  F.  M.  Neubauer, 

TU  Braunschweig)  are  indicated  by  different  shadings  for  positive  and  negative 
polarities . 
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belnij  "in"  the  streiim  and  Heilo8-2  "out",  and  then  vice  versa.  At  the  end  of  Car- 
rinqton  rotation  numlwr  1639  the  two  sivicocraft,  in  addition  to  being  on  twv'  sides 
of  a stream  boundary,  wore  also  oi\  different  sides  of  a magnetic  sector  iK^undary 
for  about  a quarter  of  a solar  rotation. 

In  several  cases  when  Helios-1  and  Helios-2  were  nearly  lined  uyv  radially,  the 
spiral  angle  of  high  si^eod  stream  fronts  could  be  determined  without  ambiguities 
caused  by  temporal  or  latitudinal  effects.  Figure  4 shows  what  the  stream  front  as 
measured  from  Hellos-1  at  0.45  AU  should  look  like  when  arriving  at  the  location  of 
Hclios-2  at  0.67  AU,  assuming  a purely  radial  flow.  The  ccmivirlaon  to  the  actually 


Flguie  4.  The  sj'eeil  piofile  of  a high  si'<g'd  stream  leatiing  edge  .as 
measuted  directly  f i .an  Helloa-2  at  0.('7  AU , is  ciimpared  to  a profile 
calc\ilaled  fivm  measun'menl  s of  Hellos-1  taken  at  O.qk  AU  assuming  a 
purely  radial  fU'W  .at  the  measured  Spetsl . (The  speed  values  aie  given 
as  one-ho\ir  averages.)  The  Insert  shows  the  locat  Imis  of  Helios- 1 and 
HeHos-2  .lay  '1  (14  March). 
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Figure  5.  The  high  speed  stream  leading  edge  of  day  74  (14  March)  as  observed  in 
a finer  time  resolution.  The  unusually  distinct  discontinuity  at  0942  UT  is 
correlated  to  the  onset  of  ion-acoustic  waves  (courtesy  of  D.  A.  Gurnett,  University 
of  Iowa) . 


measured  streeun  at  Hellos-2  indicates  an  eastward  deflection  of  the  fast  stream  by 
5*  over  a distance  of  0.22  AU.  Similar  values  were  obtained  in  three  more  cases. 


Figure  5 shows  the  streeun  edge  as  observed  from  Helios-2  on  day  74  (14  March) 
at  0.67  AU  in  more  detail.  This  stream-interface  shows  an  unusually  distinct  dis- 
continuity in  all  plasma  parameters,  associated  with  the  onset  of  ion-acoustic  wave 
activity  as  observed  by  the  University  of  Iowa  plasma-wave  Instrument  (Gurnett  and 
Anderson,  1977) . The  occurrence  of  a similar  discontinuity  within  the  same  stream 
front  at  the  location  of  Helios-1  could  not  be  confirmed,  because  of  a gap  in 
the  ground  station  coverage. 


On  day  91  (31  March)  at  1146  UT  a IN-flare  occurred  on  the  sun  at  N07  HIO  in 
McMath  region  14143.  The  positions  of  Hellos-1,  Hellos-2  and  the  earth  as  well 
as  the  longitudinal  postlon  of  the  flare  are  given  In  Figure  6.  A strong  inter- 
planetary shock  reached  Hellos-2  at  0.44  AU  on  day  92  (1  April)  at  1325  UT  (see 
Figure  7) . The  mean  propagation  speed  was  720  km/sec,  while  the  local  shock 
speed,  assuming  a radial  shock  normal,  was  approximately  650  km/sec.  A detailed 
analysis  of  the  whole  event,  including  the  several  discontinuities  some  hours 
later,  will  be  performed  when  the  final  magnetic  field  data  are  available.  At  the 
location  of  Helios-1  (''.70'  West  of  Helios-2  at  0.32  AU)  the  solar  wind  remained 
undisturbed . 


At  2048  UT  on  day  121  (30  April)  a 2B-flare  occurred  at  SOS  W46  originating 
Crum  the  same  region,  14179,  albeit  one  solar  rotation  later  (l.e.  McMath  region 
14143  was  re-numbered  as  14179  for  the  second  solar  rotation  of  STIP  II  Interval) . 
As  illustrated  in  Figure  8,  Hellos-1  and  Hellos-2  were  separated  from  the  flare 
site  by  about  120'  in  longitude.  No  forward  shock  was  observed.  However,  Figure  9 
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Flqiirr  6.  The  locations  of  IU»lio8-2,  and 

the  earth  as  well  as  the  longitudinal  fxjsitlon  of 
the  iN-flare  in  McMath  Region  14143  on  day  91 
(31  March) . 
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shows  that  each  spacecraft  observed  a quite  unusual  discontinuity  of  very  similar 
shape  on  days  122  and  123  (1  emd  2 May)  respectively. 

The  time  delay  between  the  arrival  of  the  discontinuity  at  Helios-1  and 
Hellos-2  indicates  that  it  was  a corotating  structure,  probably  a tangential  dis- 
continuity. This  interpretation  is  supported  by  inspection  of  the  preliminary  mag- 
netic field  data,  whether,  and  how,  this  unusual  event  is  correlated  to  the  flare 
on  day  121  (30  April)  remains  unclear. 
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Discussion 


Alurkar : 
holes? 


How  good  is  the  association  between  high  velocity  streams  and  coronal 
Based  on  IPS  observations  these  streams  are  not  always  seen  to  associate 


with  coronal  holes. 

Schwenn:  The  association  of  high  speed  streams  as  observed  from  Hellos  with 
coronal  holes  as  derived  from  R.  Hansen’s  (HAO)  white  light  coronagraph 
measurements  was  always  very  close. 

Vllloresi:  l think  that  the  flare-associated  event  that  you  find  to  corotate  can 
be  explained  by  the  corotative  model  of  Forbush  decreases  - the  relative 
positions  of  Helios-l  and  Helios-2  with  respect  to  the  flare  position  may 
clarify  this  possibility. 

Schwenn:  Maybe.  Note  that  the  longitudinal  separation  of  the  flare  site  and  both 
Helios  space  probes  was  very  large,  with  one  magnetic  sector  boundary  in 
between . 

Villoresii  You  mentioned  only  three  energetic  flares  occurring  in  the  STIP  II 
Interval.  What  happens  in  the  solar  wind  data  on  the  occurrence  of  the  other 
flares? 

Schwenn:  (a)  Helios-l  found  some  "turbulence"  from  day  82  to  day  87  (22-27  March); 

a correlation  to  solar  events  has  not  yet  been  done.  The  flare  of  day  91 
(31  March)  did  not  at  all  show  up  in  the  Helios-l  plasma  data. 

(b)  Helios-2  found  no  plasma  response  to  flare  activity  until  about  day 
90  (30  March) . The  events  that  followed  have  not  yet  been  correlated  since 
reliable  magnetic  field  data  are  not  yet  available. 

Dryer:  Were  the  field  components  on  each  side  of  the  tangential  discontinuity 
parallel  to  each  other? 

Schwenn:  Reliedsle  magnetic  field  data  are  not  yet  availeUile. 

Dryer:  Was  there  any  azimuthal  velocity  change  across  the  tangential  discontinuity? 

Schwenn : Yes . 
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Abstract 


On  March  23  and  28,  1976,  solar  flares  occurred  in  McMath  region  14143. 
Energetic  particles  of  these  flares  were  observed  by  the  University  of  Kiel 
experiments  on  board  Helios  1 and  2 at  distances  less  than  0.35  AU  and  0.6  AU 
respectively.  The  first  event  showed  a very  long  lasting  decay  of  more  than  10 
days  during  which  the  complete  coronal  connection  longitude  range  of  120°  west  to 
40°  east  of  the  active  region  was  covered  by  the  2 space  probes.  Temporal, 
longitudinal,  and  radial  effects  of  the  observed  intensity  time  profiles  of  4-13 
MeV  protons  were  separated  resulting  In  an  exponential  decay  time  constant  of 
30  hours  and  an  e-foldlng  characteristic  longitude  of  40°  for  the  coronal 
distribution.  The  March  28  event  was  observed  only  by  Hellos  2 at  65°  off  the 
flare  site  but  not  by  Hellos  1 at  about  105°  off.  The  effects  of  solar  sector 
boundaries  on  coronal  propagation  are  discussed. 
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1.  INTRODUCTION 


With  the  launch  of  Hellos  2 on  January  15,  1976,  two  solar  probes  Hellos  1 
and  2 scan  the  Interplanetary  medium  with  only  relatively  small  separation  in 
radius  and  heliographic  longitude.  Figure  1 shows  both  orbits  relative  to  a fixed 
earth-sun  line  beginning  with  the  launch  day  of  Hellos  2.  The  orbits  of  Hellos  1 
with  a perihelion  of  0.31  AU  and  Hellos  2 with  a perihelion  of  0.29  AU  are 
represented  by  dashed  and  solid  lines.  The  circles  denote  the  position  of  Hellos 
1 and  Helios  2 respectively  at  times  when  major  intensity  enhancements  were 
observed  during  the  STIP  Interval  II  by  the  University  of  Kiel  cosmic  ray  experi- 
ments on  board  Hellos  1 and  Hellos  2. 

Both  Helios  instruments  are  Identical  and  consist  of  5 semiconductor 
detectors,  one  sapphire  Cerenkov  detector,  and  an  anticoincidence  scintillator. 
This  allows  observation  of  protons  above  1.3  MeV  heavier  nuclei  above  1.7  MeV/N, 
and  electrons  above  0.3  MeV  up  to  relativistic  energies.  Further  details  of  the 
Instruments  are  given  by  Kunow  et  al.  (1977a)  and  Kunow  et  al.  (1975). 


EARTH 


Figure  1.  Orbits  of  Hellos  1 and  Hellos  2 spacecraft 
relative  to  a fixed  earth-sun  line  starting  from  the 
Hellos  2 launch  on  January  15,  1976.  Open  and  solid 
circles  denote  spacecraft  positions  at  the  times  of 
major  events  during  STIP  Interval  II. 
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2.  SURVEY  OF  EVENTS  DURING  STIP  INTERVAL  II 
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A survey  of  the  intensities  as  measured  on  board  Helios  1 and  2 between 
March  and  May  1976  is  presented  in  Figure  2.  Hourly  averaged  intensities  of 
electrons  (E) , alpha  particles  and  heavier  nuclei  (A),  and  protons  (P)  of 
different  energy  intervals  are  shown.  The  corresponding  logarithmic  scales  appear 
on  alternate  sides.  The  numbers  labeling  the  different  events  correspond  to  the 
notation  cf  the  spacecraft  positions  in  the  orbit  plot  (Figure  11. 

From  the  plots  in  Figure  2 the  characteristics  of  each  event  can  be  read,  i 

e.g.,  maximum  intensities,  rise  and  decay  time  constants,  coarse  spectral  infor-  | 

matlon,  and  Helium  or  electron  contributions.  Events  No.  1 and  5 have  been 

identified  as  corotating  events  and  will  be  discussed  elsewhere  (Kunow  et  al.,  i 

1977b).  Most  of  the  other  events  are  prompt  solar  particle  events  originating 
from  the  same  active  region.  Nevertheless  their  characteristics  differ  largely 
from  one  event  to  the  other  and  between  both  space  probes.  This  will  be  discussed 

in  more  detail  by  Witte  et  al.  (1977).  j 

■j 

i 


Figure  2.  Survey  of  Intensity  time  profiles  during  STIP  Interval  II  (March- 
May  1976)  measured  by  Hellos  1 (a)  and  Hellos  2 (b).  The  different  panels 
show  hourly  averages  of  electrons  (E)  of  about  0.5  MeV,  alpha  particles  and 
heavier  nuclei  (A)  of  2-4  MeV/N,  and  protons  (P)  of  4 - 13,  27  - 37,  and  > 51  Me\( 
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3.  LATE  MARCH  1976  EVENTS 


3.1  Tim*  Profile* 


In  the  following  we  shall  concentrate  on  the  solar  events  on  March  23  and  28, 
1976,  which  are  labeled  3 and  4 in  Figure  2.  We  start  the  discussion  of  the 
intensity  time  profiles  in  late  March  with  Hellos  1 measurements.  Both,  the 
' 0.5  Me  V electrons  and  the  4-13  Me  V proton  intensity  show  a very  fast  rise  on 
March  23  which  is  followed  by  multiple  peaks.  These  peaks  are  not  associated  with 
the  flare  in  McMath  region  14143  which  occurred  at  0837  OT  on  March  23  behind  the 
east  limb  and  shall  be  neglected  for  the  purpose  of  this  investigation. 

The  dominant  feature  is  the  very  long  decay  phase.  It  starts  in  the  proton 
profile  on  March  27  after  the  effects  of  some  local  interplanetary  magnetic  field 
disturbances  on  the  previous  day  and  lasts  for  more  than  10  days.  Hellos  2 shows 
a similar  profile:  The  maximum  occurs  on  M.irch  24,  and  is  followed  by  a similar 
long  decay  of  10  days.  However,  sitting  on  top  of  the  decay  phase,  the  March  28 
event  exhibits  very  fast  increases,  and  a decay  time  constant  of  about  6 hours  in 
contrast  to  the  underlying  event.  The  Increase  coincides  with  a lb  flare  in 
McMath  region  14143.  Note,  that  this  event  was  not  seen  in  any  of  the  nucleon 
channels  of  Helios  1.  Only  the  electron  rate  shows  a comparatively  small 
increase  at  that  time  with  a peak  of  2X  of  the  Hellos  2 Intensity. 

Please  remember  for  further  discussion:  although  both  flares  occurred  in  the 
same  famous  McMath  region  14143  within  5 days,  the  particle  events  show  remarkable 
differences: 

1.  The  appearance  at  the  location  of  the  space  probes  differs  considerably. 
Helios  2 observes  a large  increase  in  all  nucleon  and  electron  channels  in  the 
case  of  the  March  28  event,  whereas  Helios  1 detects  only  a very  small  enhancement 
of  the  electron  intensity. 

2.  The’  decay  times  differ  by  nearly  an  order  of  magnitude  between  the  two  major 
events . 

To  explain  this  behavior  the  solar  topology  has  to  be  taken  into  account. 


3.2  Solar  Topology 


The  center  panel  of  Figure  3 shows  a part  of  the  synoptic  chart  of  the 

solar  disk  as  observed  during  March  1976  and  published  in  Solar  Geophysical  Pata 
(Comprehensive  Reports).  The  orbit  projections  of  Hellos  1 and  2 are  drawn  by 
dashed  and  solid  lines  respectively.  Both  major  Increases  in  the  particle 
intensities  originated  from  flares  in  McMath  region  14143.  The  hourly  averaged 
proton  intensities  as  measured  by  Helios  1 and  Hellos  2 are  presented  for 
comparison  on  the  top  and  bottom  panel  of  Figure  3.  The  Intensities  are  shown 
versus  Carrington  longitude  of  the  relevant  magnetic  field  line  connection  point 
as  first  suggested  by  Nolte  and  Roelof  (1973). 

Let  us  first  concentrate  on  the  "fast"  event  on  March  28,  which  was  seen 
mainly  by  Helios  2.  This  spacecraft  is  connected  to  110“  Carrington  longitude 
at  the  onset  time  with  a distance  of  65“  to  the  flare  site. 
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Figure  3.  Center  panel:  synoptic  chart  of 

the  solar  longitude  range  which  was  scanned  by 
the  Helios  space  probes  between  March  23,  and 
April  5,  1976.  Most  particles  originated  from 
McMath  region  14143.  Upper  and  lower  panel: 

4-13  MeV  proton  intensities  measured  by  Hellos 
1 and  2,  and  plotted  at  their  calculated  coronal 
connection  longitudes. 


The  other  probe,  Helios  1,  is  only  40°  behind  at  150°.  Both  spacecraft  are 
connected  to  areas  of  negative  magnetic  polarity,  which  seem  to  be  connected. 

However,  from  the  Hellos  data  we  derive  the  following:  A coronal  sector 
boundary  must  run  along  the  northern  border  of  the  negative  area  and  across  the 
bottleneck.  This  boundary  is  very  efficient  in  preventing  the  particles  from 
invasion  into  the  adjacent  areas;  only  2Z  of  the  electrons  managed  somehow  to 
enter  the  area  across  the  sector  boundary. 

Furthermore,  very  effective  loss  processes  are  at  work  within  this  closed 
area  containing  the  Hellos  2 connection  point,  which  account  for  the  fast  decay 
times.  It  seems  possible  that  open  field  lines  are  responsible  for  the  fast 
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evacuation  of  this  area.  The  end  of  the  decay  coincides  with  the  crossing  of  the 
north  eastern  boundary  by  Helios  2. 

Let  us  now  switch  to  the  long  decaying  event.  The  flare  being  responsible  for 
the  long  decay  occurred  in  McMath  region  14143  on  March  23.  Both  spacecraft  were 
at  that  time  near  McMath  region  14127,  which  showed  some  flaring  activity.  As  we 
consider  here  only  the  effects  of  the  flare  in  region  14143,  we  neglected  the 
period  of  about  2 days  after  the  observed  onset.  During  the  long  decay  phase 
Helios  1 moved  all  the  way  through  the  large  negative  and  positive  areas  without 
severe  disturbance  when  crossing  the  boundary  in  between. 


4.  CORONAL  PROPAGATION 


Before  starting  a more  detailed  study  of  coronal  propagation,  the  reader  is 
reminded  of  the  configuration  of  the  space  probes  on  March  23,  1976. 

Hellos  1 is  close  to  its  3rd  perihelion  and  moves  fast  as  the  event  proceeds. 
Hellos  2 at  0.6  AU  moves  slower,  with  the  solar  distance  decreasing,  and  the 
longitudinal  separation  between  the  space  probes  Increasing. 

At  those  close  solar  distances  we  can  neglect  interplanetary  scattering  when 
discussing  the  propagation  of  solar  particles.  We  can  normalize  the  intensities 

2 

obtained  at  various  distances  by  Helios  1 and  2 assuming  a 1/r  dependence.  The 
distance  independent  profiles,  derived  from  Helios  1 and  2,  i.e.,  the  Injection 
profiles,  are  presented  in  the  lower  part  of  Figure  4 versus  Carrington  longitude. 
With  a time  difference  of  more  than  100  hours  the  two  space  probes  sample  the 
corona  at  the  same  longitude  and  observe  intensities  which  differ  by  orders  of 
magnitude. 

This  indicates,  chat  the  injection  profile  still  contains  temporal  and 
longitudinal  dependences. 

Separation  is  possible  if  we  assume  the  intensity  to  be  proportional  to  a 
function  of  longitude  times  an  exponential  decay  with  time: 

j ((p,  t)  ^ F((p)  exp{-  -^j. 


Compcirison  of  intensities  at  the  same  longitude  for  a small  number  of  samples 
between  142°  and  111°  results  in  a decay  time  constant 


T =■  (30  ± 3)  hours. 


Since  the  slope  of  both  profiles  shows  no  significant  changes  we  assume  that 
the  above  time  dependence  is  valid  over  the  entire  period.  This  allows  the 
derivation  of  a coronal  intensity  profile  at  fixed  times  from  the  injection  pro- 
files. The  upper  part  of  Figure  4 shows,  for  a limited  number  of  hourly  averaged 
samples,  the  coronal  intensity  as  a function  of  longitude  for  a fixed  time  40 
hours  after  the  flare.  Within  the  statistical  uncertainties  this  method  yields 
the  same  coronal  intensities,  no  matter  which  spacecraft  they  were  derived  from. 
This  supports  the  validity  of  our  assumptions.  Approaching  the  flare  region  we 
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observe  a clear  trend  towards  higher  intensities  in  contrast  to  what  we  had 
observed  before  we  eliminated  the  time  dependence. 


A fit  by  a straight  line  in  this  log-linear  diagram  suggests  an  exponential 
longitudinal  dependence 


F(((i)  ~ exp  {- 


with  an  e-foldlng  characteristic  longitude  of 


- (40  ± 8)° 


for  the  range  160°  . . .60°  Carrington  longitude. 


Figure  4.  Distant  Independent  Intensities 
of  4-13  MeV  protons,  measured  by  Hellos  1 
and  2 and  plotted  at  their  calculated  coronal 
connection  longitudes.  The  lower  curves, 
labeled  Interplanetary  Injection  Intensity, 
still  contain  the  time  dependences.  The 
upper  plot  represents  the  estimated  coronal 
Intensities  40  hours  after  the  flare. 
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linfortimately  tlic  stattadoal  iiiicortulnt  iea  in  the  vicinity  of  the  flare 
renlon  became  too  larne  to  Jeclde  from  this  small  data  sample  whether  a rare- 
factU'n  reitlon  appears  near  the  flare  site  and  whether  the  slope  changes  hevond. 


5.  SUMMARY  ANH  CONi  I.USION 


We  described  a very  long  lastlnn  solar  particle  event  with  a smooth  decay 
over  10  days  and  120”  lonxltnde  with  both  Hellos  space  probes  close  to  the  sun. 
Clear  separation  of  temporal  and  longitudinal  effects  was  possible.  The 
exponential  decay  time  constant  was  Ul  hours  and  the  e-foldtuK  characlerlst  ic 

lonsltude  « 40".  Is  larser  than  the  prevlouslv  reported  values  between  8” 

o o 

and  28”  bv  Roelof  et  al.  (l'>7Sl,  van  llol  leheke  et  al.  (Id?*)),  and  Wlbheren* 
(197bK 

Both  relatively  larjte  values  of  10  hours  and  40“  Implv  a verv  ellectlve 
particle  transport  throuith  the  corona,  unobstructed  bv  neutral  lines  or  sector 
boundaries,  and  an  efficient  particle  storage,  e.n.,  due  to  mainly  closeil  field 
1 Ines. 

We  observed  a region  oiv  the  sun,  which  showed  first  conditions  as  described 
above  but  changed  its  characteristics  at  the  time  of  a flare,  which  was  about  bO” 
off  the  flare  site.  After  the  flare  this  region  showed  lar^e  loss  proo'sses  and 
a very  effective  sector  boundary. 

We  hope  to  Improve  this  study  In  the  future  bv  decreasinn  the  statistical 
uncertainties  bv  about  a factor  of  10.  Ih'pefullv  we  will  be  able  to  derive  the 
latitudinal  dependence  close  find  beyond  the  I lare  site  as  well  as  to  detect 
possible  drift  processes  as  reported  by  Relnhard  and  Wlbherenr  (I'I741,  Koelv'l 
(l')7b>,  and  Cold  et  al  . (1977). 
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Abstract 


We  have  analyzed  the  low  energy  0.6  MeV/nucl.)  solar  particle 
composition  during  the  active  period  from  March  1976  through  May  1976. 
The  measurements  were  made  aboard  the  IMP  8 satellite  near  the  earth 
Large  variations  of  alpha  particles,  oxygen,  carbon  and  iron 
ions  have  been  measured  from  one  event  to  the  other  within  this 
active  period.  A corotating  event  has  been  tentatively  identified 
and  it  has  been  found  that  the  composition  within  this  corotating 
event  is  changing  with  time. 


fREClMMO  Pi*  MkMK. 


1.  INTROUHCTION 


Recent  measurements  of  the  Z > 2 composition  of  solar  particle 
fluxes  in  the  lower  energy  range  have  shown  that  solar  particle  events 
do  not  represent  a uniform  and  well-mixed  sample  of  solar  material. 
Composition  measurements  can  therefore  contribute  in  understanding  the 
origin  and/or  acceleration  processes  of  these  particles. 

Close  to  the  last  solar  minimum  a period  of  increased  solar 
activity  occurred  between  March  and  May  1976.  We  report  in  this  paper 
measurements  of  protons,  alpha  particles  and  heavy  particles  obtained 
on  board  the  IMP  8 spacecraft  within  this  time  period. 


2.  INSTRUMKNTATION  AND  SATKLLITK 


The  measurements  were  made  with  the  ULET  sensor  and  the  Electro- 
static Analyzer  of  the  University  of  Maryland/Max-Planck-Institut 
experiment  on  board  the  earth-orbiting  spacecraft  IMP  8.  The  IMP  8 
spacecraft  achieved  an  elliptical  orbit  with  a moan  apogee  of  about 
45  earth  radii  and  a perigee  of  «•  28  R^,  , inclined  29°  to  the 

ecliptic.  The  ULET  sensor  is  a three  element  dE/dx  vs.  E telescope 

2 2 

with  a geometrical  factor  of  0.53  cm  ster,  a 130  uq/cm  flow  through 
proportional  counter,  D1  , as  the  AE  element,  a conventional  surface 
barrier  Au-Si  detector,  D2  , as  the  total  energy  detector  and  a plastic 
scintillator  anticoincidence  cup,  A , (Hovestadt  and  Vollmer,  1971). 
This  design  enables  us,  to  obtain  a unique  identification  of  heavy 
particles  of  energies  between  0.5  and  21  MeV/nucl.  Every  three 
hours  the  instrument  is  automatically  switched  between  a low  and  high 
threshold  mode  of  operation  for  counting  and  analyzing  all  elements 
or  only  nuclei  heavier  than  helium,  respectively.  The  Electrostatic 
Deflection  Analyzer  uniquely  identifies  low  energy  protons,  alphas  and 
heavy  ions  by  simultaneously  measuring  the  kinetic  energy  and  amount 
of  deflection  of  collimated  incoming  particles  in  a known  electro- 
static field.  Energy  per  charge  limits  of  the  various  counting  rate 
channels  are  determined  by  the  width  and  relative  positions  of  the 
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rectangular  solid  state  detectors  which  are  also  used  to  measure  the 
particle  kinetic  energy  (Fan  et  al.,  1971). 


3.  RESULTS 


The  top  panels  of  Figures  1 and  2 show  •>  3 hour  averages  of  the 
D1  D2  coincidence  rate  in  the  low  threshold  mode  for  the  time  period 
Day  60  - Day  156,  1976,  thus  representing  0.43  - 1.50  MeV  protons. 
There  are  at  least  eight  well-defined  intensity  Increases  within  this 
time  period,  which  we  have  numbered  1 through  8 in  the  top  panel  of 
Figure  2. 


to  •>  <0>  1» 

OOt 


Figure  1 . Three  hour  average  counting  rates 
D1  D2  in  low  threshold  mode  (top  panel). 
Alpha  particle  to  proton  ratio  at  0.54  - 1.0 
MeV/nucl.  (bottom  panel). 
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The  bottom  panel  of  Figure  1 shows  two  day  averages  o.  the  alpha 
particle  to  proton  ratio  at  0.54  -1.0  MeV/nucl.  In  the  bottom  panel 
of  Figure  2 we  show  two  day  average  counting  rates  of  0.6  - 4.6  MeV/ 
nucl.  oxygen  ions. 


Figure  2.  Three  hour  average  count- 
ing rates  D1  D2  in  low  threshold  mode 
(top  panel) . Two  day  average  counting 
rates  of  0.6  - 4.6  MeV/nucl.  oxygen. 


Events  2,  5 and  8 have  their  maxima  on  Day  76,  Day  104  and  Day  132, 
respectively,  thus  having  a difference  of  ~ 28  days  between  each  other. 
They  are  correlated  in  time  with  the  appearence  of  high  velocity  solar 
wind  streams  near  the  earth,  as  inferred  from  IMP  8 plasma  measure- 
ments (W.C.  Feldman,  private  communication) , It  is  therefore  very 
li)cely  that  these  events  are  associated  with  the  same  corotating 
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interplanetary  structure  and  can  be  classified  as  recurrent  events. 
From  Figure  1 it  can  be  seen  that  the  alpha  to  proton  ratio  is  decreas- 
ing from  event  2 to  event  5 by  about  a factor  two;  it  has  about  the 
same  value  during  event  8 as  during  event  5.  The  change  in  oxygen 
content  between  event  2 and  its  reoccurrence  as  event  5 is  more 
dramatic:  As  can  be  seen  from  the  bottom  panel  of  Figure  2 the 
oxygen  counting  rate  changes  by  about  a factor  20  and  slightly  in- 
creases again  when  the  event  reoccurs  as  event  8,  This  decrease  by  a 
factor  20  has,  of  course,  to  be  compared  with  a decrease  of  a factor 
5 in  the  proton  count  rate.  Nevertheless,  it  seems  that  the  composi- 
tion is  changing  within  the  corotating  event. 

Table  1 shows  relative  abundances  of  the  heavy  ions  carbon, 
oxygen,  neon,  magnesium,  silicon  and  iron  during  events  1 to  8;  l.e. 
we  give  an  average  abundance  for  each  event  during  the  time  period 
indicated  by  the  vertical  bars  in  the  top  panel  of  Figure  2.  It  seems 
(at  least  for  C/0  and  Fe/0)  that  the  abundances  do  not  change  greatly 
from  event  2 to  event  8,  so  that  we  may  say  that  in  the  corotating 
event  the  contribution  of  all  heavy  ions  is  decreasing. 

Note  the  low  Fe/0  ratio  during  the  corotating  event  (0.045 
during  event  2) ; low  when  compared  with  solar  flare  abundances:  For 
a typical  medium  strong  flare  Hovestadt  et  al.  (1973)  report  an  Fe/0 
ratio  of  ^0.17  and  during  the  event  7 the  Fe/0  ratio  was  as  high  as 
0.31  . The  Fe  abundance  in  the  corotating  event  is,  however,  almost 
equal  to  the  solar  system  abundance  of  0.04  (Cameron,  1973)  and  the 
"best  averaged”  solar  atmosphere  value  of  0.035  (Webber,  1975). 

Event  7 shows  the  highest  proton  intensities  during  the  time 
period  under  discussion.  The  event  is  probably  the  result  of  an 
importance  2B  flare  which  occurred  at  2048  UT,  1976  April  30  (Day  121) 
at  W47.  The  location  of  tl\is  flare  lies  in  the  so-called  "preferred 
connection  region"  (Van  Hollcbe)<e  ct  al.,  1975),  which  explains  the 
extremely  fast  rise.  As  can  be  seen  from  Figure  1 tlie  event  exhibits 
a very  small  alpha  particle  to  proton  ratio  (only  ^ 0.5*  alpha 
particles  in  the  0.54  - I .0  MeV/nucl.  energy  range).  The  event  shows 
also  the  highest  oxygen  count  rate  during  the  time  period  under 
discussion  (Figure  2)  and  from  Table  1 it  can  be  seen  that  the  event 
falls  already  into  t)ie  "iron  rich"  category,  i.e.  the  relative 


abundance  of  Iron  Is  considerably  Increased  as  ccxnpared  to  the  solar 
system  abundance  or  "usual”  flare  abundance,  respectively.  Figure  3 
shows  the  temporal  profile  In  two  energy  ranges  on  an  expanded  time 
scale.  Note  that  Figure  3 shows  only  the  event  7 of  Figure  2. 


740-1200  kev 


210  kev 


Figure  3.  Variations  of  the  85  minute  average  counting  rates  of 
protons  with  time. 


The  hump  starting  on  Day  123  Is  only  seen  In  the  lowest  energy 
channel  and  may  represent  an  ESP  event:  On  May  2,  1829  UT  (Day  123)  a 
sudden  commencement  was  observed  (Solar  Geophysical  Data,  July  1976). 


4.  SUMMARY 


We  have  measured  the  proton,  alpha  and  heavy  particle  composi- 
tion during  the  interval  Day  60  - Day  156,  1976.  Three  events  have 
been  identified  as  a recurrent  event  and  it  has  been  found  that  the 
alpha  particle  and  heavy  particle  contribution  within  this  event  is 
decreasing.  The  recurrent  event  exhibits  a very  low  relative  abun- 
dance of  iron,  similar  to  the  solar  system  abundance.  The  flare  event 
starting  on  Day  121  has  a very  low  alpha  particle  content,  but  a high 
content  of  heavy  particles,  and  the  event  is  overabundeuit  in  iron. 

The  event  exhibits  a very  interesting  time  structure  in  the  very  low 
energy  region  which  is  not  seen  at  higher  energies. 
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Discussion 


Dryer;  Was  that  double-humped  proton  structure  bounded  by  a forward 
and  reyerse  shock? 

Armstrong;  Did  you  find  velocity  dispersion  in  the  day  121  event? 

I think  that  the  second  spike  of  the  day  121  event  is  shock  spike 
plus  ESP. 

Scholer;  In  answer  to  both  Dr.  Dryer's  and  Dr.  Armstrong's  questions, 
the  first  spike  on  Day  121  in  the  low  energy  channels  is  due  to 
penetrating  protons  (E  V 10  MeV) . It  is  therefore  not  possible 
to  analyse  the  velocity  dispersion  from  our  data.  The  intensity 
of  the  740  - 1200  keV  protons  decreases  after  the  passage  of  the 
shock  (as  inferred  from  the  SSC) , whereas  the  second  spike  in  the 
130  - 210  keV  appears  “v-lO  hours  after  the  SSC.  This  second  spike 
may  represent  a magnetospheric  burst  event. 
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Abstract 


In  the  investigated  period  all  the  solar  flares  accompanied  by  Type  IV  radio- 
emission occur  in  the  same  solar  active  region  which  lasts  for  the  three  solar  ro- 
tations under  study.  The  cosmic-ray  time  behaviour,  observed  when  the  Earth  is 
inside  the  portion  of  interplanetary  space  magnetically  connected  with  this  active 
region,  is  fully  explained  by  means  of  the  corotative  model  of  Forbush  decreases. 
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1.  INIRtmilCTIDIN 


In  tlio  li\l«>fpl«n«>t«ry  rojiloni*  connpctPtl  to  oolui'  conpa  \vl>*»r«>  cloaoit  inau;i\(>tic 
ftplil  •Inictnrt'a  nml  acttvp  roj'lona  pxlat.  wlito  inni^notto  l>oltloa,  wltlclt  protlucr 
Korlmali  ilocrpaapa  (l■'<^a)  on  llit>  ooan\lo  ra^v  (c.  r. ) Intonalty,  i»»«y  pxpaiul  tn  ll>p  oc- 
cnalon  of  aolar  flaroa  (a.f.  1 nocoinpanloil  l)y  I'ypp  IV  railto  oinlaaton  pxtpndnii  In 
frpqupnoy  from  i\>toroinplrlc  to  inoti'lc  \v«v«’lpn>j(tia.  'I'liP  froi\t  of  tlm  I'Ottlr  «»lv«n- 
COB  radially  and  llm  Iiubp.  bolnj*  ronnootod  to  tlm  Snn.  rorolatoa.  My  Nludylnt;  all 
tilt'  c.  r.  Kd-t'vontB  and  all  tlio  Typo  IV  a.  f.  In  tlip  pnrtod  l!)ft7*l!U>il  llila  atniplp 
nuvit'l  liaa  I't’t'ii  oonflrniPtl  (Ivu'Cl  t'l  al.  , l!)77a)  amt  tlio  ovonl  to  pvpnt  dlffrrt'ncpa  of 
tilt’  I'aaic  paraniplrra  of  tlm  I'Ma  (Snn  I'^artli  tranatt  Mint'  of  flip  portvirliaMon,  Kd- 
aniplltndp,  rprovpry  tlnip)  liavp  lippii  Iniprprptpd  In  forma  of  llip  oiipfify  Involvod  In 
llip  radio  pinlaalon  and  of  llip  a,  f,  liplloloiiijltndp.  In  ^'^^^\lrp  I a akotrli  of  IlipatnK  - 
liiro  of  a maunpfU'  liottlo  ifpiiprutod  liy  a I’ypo  IV  a.  f.  la  aliown,  Tlip  ma);nptip  fiold 
fonfljpiratlon  Inaltlo  llip  motlnlatod  ronlon  will  ilppond  on  tlip  rolallvo  looationa 
of  IliP  two  potarltloa  of  tlio  aotlvo  rpj»loir  wlipii  tlioy  Up  al'ont  on  llip  aamo  Inllindp, 
liolli  will  lip  oliaprvt'd  In  tlio  PoUpItr  piano,  wlitlo,  wlioii  tlio  lipUolattIndpant' tlio  aiin- 
apot  pvdarlfipa  aro  niiioli  dlffori'iil,  only  tlio  (lolarlty  iioarrat  to  tlio  orllptU'  piano 
will  lip  oliaorvod. 


■i 


rijpiro  1.  Skotrli  In  tlio  I'rUpItr  riaiir  of  tlio  Ma^fiiPlU’  l'onfl)piratlon  of  tlio 
I'r rtiirl'atlon  I’rodiiood  liy  a Typo  1\'  a.  f.  , Tlio  fiold  Inaiilo  tlio  I'laton  la  In 
.•liinvl  « till  roaporl  to  tin'  orlli'llr  idaiio  In  a way  doi'Piidln^j  on  tlio  lorattona 
.»<  tlir  mattiiPtlr  I'olarllloa  In  tlio  artlvo  rp^;lon. 
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FURE  POSITION 


Figure  2.  Sketch  of  the  c.  r.  Density  Distribution  Inside  a Typical  Fd- 
region.  The  darkest  shading  indicates  the  lowest  density.  Four  differ- 
ent positions  of  the  Farth  are  indicated. 


The  c.  r.  depression  inside  the  bottle  is  given  in  Figure  2 and  it  is  derived 
mainly  from  the  average  dependencs  of  the  Fd-amplitude  upon  the  s.f.  heliolongi- 
tude  (see  Figure  3).  The  longitudinal  extent  of  the  bottle  depends  on  the  energ>’  of 
the  Type  IV  s.  f.  ai\d  on  the  dimensions  of  the  Interstream  regions  (regions  not  oc- 
cupied by  fast  streams  produced  by  coronal  holes)  (lucci  et  al.  ,1977c).  and  it  has 
been  found  to  encompass  as  an  average*  130*  in  the  period  1957-1969  in  which  broad 
fast  streams  were  seldom  observed.  Inside  this  botUe  ttie  region  of  maximum 
c.  r.  modulatloix  (core)  extends  for* 70*  and  it  is  shifted  towards  the  leading  edge 
of  the  perturbation.  The  maximum  c.  r.  depression  inside  the  "core"  at  the  Earth's 
orbit  is  found  to  be  linearly  correlated  with  t)»e  average  velocity  v of  tl>e 
front  of  the  perturbation  from  the  Sun  to  the  Earth's  orbit : ^ 


Al/l  - 1.  15«10'^  ( Vj  - 400  ) 


where  v^  is  given  in  km /sec  and  ADI  in  percent. 

Tl\e  c.  r.  intensity  recovers  inside  the  botUe  with  a time  constant  r * lo  days; 
for  a kd  observed  at  the  Earth  the  recovery  hehaviovir  will  depend  on  t and  on  the 
longitudinal  displacement  of  the  Earth  inside  the  magnetic  bottle,  therefore  for  a. 
f.  occurring  in  the  hellolongltude  Interval  ( 4>,  . ) it  can  be  written  as; 
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Aj,(t,  4>t)  = 


A(t)d4'/ 
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r* 

A('»’)  d-f 
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where  is  the  Hverago  heliolongitude  dependence  of  the  I'd-amplitude  shown  in 
f'lgtire  3 and  fl  is  the  angular  velocity  of  the  Sun. 


Figure  .t.  'he  Fd-aniplitude  versus  the  Ileliulongitude  of  the  I’arent 
Type  IV  8.  f. . . ’te  average  l)eliavioiir  is  also  reported  ( daslied  curve  ). 


In  Figure  4 the  average  time  heliaviours  of  Fda  associated  witlx  Tyv>e  IV  s.f. 
in  four  different  liellolongitude  intervals  are  compared  witli  tlioae  computed  hy 
F«,.(21. 
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Figure  4.  The  Average  Normalized  Time  Behaviours 
of  Fds  for  Different  Heliolongitude  Intervals  of  the  As- 
sociated Type  IV  s.f. . For  45*  E-90*  E the  exponential 
recovery  ( t « n days)  best  fitting  the  first  five  days 
(Earth  Inside  the  "core")  is  reported.  For  the  other 

intervals  the  expected  behaviours  ( see  Eq.  (2)  ) are  j 

reported  ( full  curves  ).  I 


When  successive  Type  IV  s,  f,  occur  in  the  same  active  region,  they  depress 
the  c.  r,  intensity  in  subsequent  steps  inside  the  same  region  corotating  with  the 
Sun,  so  that  the  recovery  of  such  a set  of  Fds  towards  the  unperturbed  c,  r.  level 
depends  only  on  the  heliolongitude  of  the  last  Type  IV  burst  which  produces  Fd. 

In  Figure  5 some  examples  of  series  of  Fds  associated  with  the  same  active  re- 
gion are  shown  together  with  the  recoveries  computed  by  Eq,  (2). 
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Figure  5.  Series  of  Fds  produced  by  the  Same  Active  Region.  The 
full  lines  are  computed  by  Fq.  (2). 


Moreover,  when  a Type  IV  s.f.  occurs  beyond  the  East  limb  of  the  Sun,  a Fd 
will  be  observed  at  the  Earth  when  the  leading  edge  of  the  modulated  region  reaches 
the  Earth  after  a proper  corotation  time.  On  this  line  it  has  been  found  that 
nearly  all  the  Fd-events  not  associated  with  Type  IV  s.f.  in  the  visible  hemisphere 
of  the  Sun,  with  amplitude  > 1.  5%  at  high-latitude  neutron  monitors,  can  be 
produced  by  Type  IV  s.f.  occurring  in  the  invisible  hemisphere,  as  indicated  by 
the  amplitude  distribution  of  these  Fds  and  their  average  time  profile. 
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Thla  corotative  model  of  Fde  has  been  found  to  be  consistent  with  what  is  ob- 
served in  the  solar  wind,  in  the  interplanetary  magnetic  field  data  and  with  the  lo- 
cations of  the  magnetic  polarities  in  the  parent  active  regions,  for  the  few  events 
for  which  the  interplanetary  data  were  available  and  the  magnetic  fields  of  the  active 
regions  showed  a simple  configuration  (lucci  et  al. , 1977b).  As  an  example  the 
July  1968  events  as  observed  in  the  c.  r.  intensity  at  high  latitude  and  in  the  inter- 
planetary magnetic  field  data  near  the  Earth  ( SAT  ) (King,  1975)  and  at  Pioneer  8 
( P8  ) (Marian!  et  al. , 1971)  are  reported  in  Figure  6 . The  perturbation  produced 
by  the  Type  IV  s.f.  occurring  on  July  5 at  E89  is  observed  at  P8.  which  is  located 
at  13  East  relative  to  the  Sun-Earth  line,  one  day  earlier  than  the  Earth,  this  sug- 
gesting that  the  leading  edge  of  the  modulated  region  envelopes  P8  and  the  Earth 
successively.  For  the  second  perturbation  (Type  IV  s.  f.  at  E58),  the  radially  ad- 
vancing front  envelopes  P8  and  the  Earth  at  about  the  same  time.  The  size  of  the 
magnetic  bottle  associated  with  this  active  region  can  be  then  estimated  wl40' 
which  is  in  agreement  with  the  time  spent  by  the  Earth  inside  the  modulated  region 
(•<10  days).  Moreover  the  magnetic  polarities  of  the  active  regions,  which  lie  on 
the  same  latitude,  are  observed  successively  in  the  interplanetary  magnetic  field 
data  inside  the  bottle. 


I I II  n It  II  14  II  II  17  II  II  N tl 

III  IT  III! 


Figure  6.  The  Forbush  Decrease  of  July  1968.  Solar  flares  in  McMath  region 
9503  accompanied  by  Type  IV  emissions  occurred  on  July  6 (at  N13,  E89), 

July  8 (at  N13,  E58)  and  July  9 (at  N13,  E40).  The  interplanetary  magnetic  field 
at  Pioneer  8 (indicated  by  P8)  and  near  the  earth  (indicated  by  SAT)  are  shown 
on  the  top  of  the  figure. 
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This  corotative  model  of  Fds  is  here  applied  to  the  events  associated  with  the 
long-living  McMath  region  14143  in  the  period  March  20-June  8,  1976. 


2.  ANALYSIS 


In  the  period  under  study  all  the  Type  IV  s.  f.  are  produced  by  the  same  active 
region;  the  list  of  the  Type  IV  s.f.  widely  extended  in  frequency  (Solar  Geophy- 
sical Data,  1976)  and  Fds  associable  with  this  active  region  are  reported  in  Ta- 
ble  1.  The  Fd-amplitudes  are  determined  from  the  daily  intensities  of  the  Deep 
River  neutron  monitor  data  (Solar  Geophysical  Data,  1976);  for  events  occurring 
during  the  recovery  phase  of  preceding  Fds  a tentative  correction  is  applied.  The 
hourly  intensities  for  the  Deep  River  and  Rome  NM-64  are  plotted  in  Figure  7 
and  8 respectively. 


Table  1.  Forbush  Decreases  and  Type  IV  Solar  Flares 


Fd 

Type  IV  s.f. 

Date 

( A I/I) 

Date 

McMath 

Position 

1976 

% 

1976 

region 

■EBI 

Mar.  26 

2.  5 

Mar.  23 

14143 

SOS  E90 

08  37 

Mar.  28 

»1. 0 

Mar.  25 

14143 

S06  E75 

<12  03 

Mar.  30 

«3.0 

Mar.  28 

14143 

|S08  E31 
^S07  E28 

<09  22 
<19  05 

Apr.  1 

■S3  1 . 5 

Mar.  31 

14143 

S07  W12 

11  44 

Apr.  5 

(a<W80) 

21  50 

Apr.  26 

1.0 

May  2 

2.0 

Apr.  30 

14179 

(S06  W41 
lS09  W47 

12  43 

20  48 

May  1 

14179 

S08  W61 

21  55 

May  21 

2.0 

a. 


First  rotation  (March  20  - April  15) 


The  Fd  of  March  26  is  associated  with  the  Type  IV  s.f.  occurring  on  March 
23  at  the  East  limb.  The  Fd-amplitude  and  the  «<72  hours  of  delay  between  the  Type 
IV  s.f.  and  the  onset  of  the  Fd.  suggest  that  (see  Eq.(l))  the  front  of  the  pertur- 
bation encompass  » 160°  about  the  s.f.  heliolongitude.  In  the  Rome  data  the  geo- 
magnetic storm  of  March  26  ( « 250  f)  causes  a large  c.  r.  increase  because  of  the 
change  in  the  rigidity  threshold. 

The  series  of  Type  IV  s.  f.  between  March  25  and  March  31  depress  the  c.  r. 
intensity  inside  the  same  corotating  region  in  subsequent  steps;  a tentative  associ- 
ation between  T^pe  IV  s.f.  and  Fds  is  reported  in  Table  1.  In  the  Rome  data  the 
event  of  April  1 is  not  visible  because  of  the  occurrence  of  a geomagnetic  storm 
( M 200  j- ).  The  recovery  after  the  last  Fd  is  in  agreement  with  what  is  expected 
from  the  corotative  model  (see  Eq.  (2))  as  it  is  shown  in  Figure  7.  The  Type  IV  s. 
f.  of  April  5 is  probably  associable  with  the  same  active  region  which  is  near 
the  West  limb;  no  Fd  is  observed  because  the  Earth  is  already  out  of  the  modi'' -v- 
ted  region.  The  time  spent  by  the  Earth  inside  this  corotating  magnetic  bottle  .»13 
days)  confirms  its  wide  extent. 

b.  Second  rotation  (April  16  - May  12) 

The  Fd  of  April  26  is  due  to  the  re-entering  of  the  Earth  inside  the  magnetic 
bottle  when  the  active  region  is  at  » 10*  E.  By  taking  into  account  that  the  solar 
wind  velocity  is  350-400  km/sec  ( IMP  7 and  8 solar  wind  plasma,  preliminary 
one-hour  averages;  Solar  Geophysical  Data,  1976)  the  longitudinal  extension  of  the 
modulated  region  can  be  estimated  of  the  order  of  140°  -130°  . The  recovery  is  very 
slow  as  expected,  with  a time  constant  t:  « lo  days. 

The  Fd  of  May  2 is  produced  by  the  Type  IV  s.  f.  occurring  on  April  30  and 
May  1.  The  observed  amplitude  is  presumably  smaller  than  that  existing  inside 
the  "core"  because  the  Earth  is  now  situated  near  the  trailing  edge  of  the  modula- 
ted region  (position  2 in  Figure  2).  In  the  Rome  data  only  a small  Fd  is  observed 
because  of  the  geomagnetic  disturbance  ( =-  100  y ) which  begins  at  the  end  of  May 
2.  Also  in  this  case  the  recovery  is  in  agreement  with  the  expected  one, 

c.  Third  rotation  (May  13  - June  8) 

The  Fd  of  May  21  is  due  to  the  re-entering  of  the  Earth  inside  the  same  modu- 
lated region  when  the  active  zone  is  at  » 30®  E.  The  c.  r.  intensity  inside  this  region 
is  still  largely  depressed  ( =s  2%)  probably  by  other  Type  IV  s.f.  which  occur- 
red when  the  active  region  was  situated  in  the  invisible  hemisphere  of  the  Sun.  The 
extension  of  the  modulated  region  is  « 150°  as  estimated  from  the  duration  of  the 
event,  which  is  very  long  as  expected  ( f « 10  days)  and  from  the  heliolongitude  of 
the  active  region  at  the  time  of  the  onset  of  the  Fd  by  taking  into  account  that  the 
solar  wind  velocity  isv»<  500  km/sec. 

During  the  three  rotations  the  polarity  of  the  interplanetary  magnetic  field  is 
negative  inside  the  modulated  region,  this  suggesting  that  the  negative  polarity  of 
the  active  region  is  nearer  to  the  Sun  equator  than  the  positive  one  and  that  the  closed 
lines  of  force  of  the  magnetic  bottle  lie  on  surfaces  quasi-perpendicular  to  the 
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ecliptic  plane. 

The  small  recurrent  c.  r.  decrease  observed  inside  the  positive  sector  is  pro- 
duced by  a fast  stream  which  is  observed  to  recur  for  several  solar  rotations. 

When  the  solar  region  which  produces  the  fast  stream  is  in  the  visible  hemisphere 
of  the  Sun  and  significant  radio  bursts  are  not  detected,  then  it  is  reasonable  to  as- 
sume that  this  region  is  a coronal  hole.  For  all  these  recurrent  events  the  ratio 
( AI/I)/  f^v  is  •»5*10"2  % (km/sec)*l  , in  agreement  with  the  average  value  reported 
in  lucci  et  al. , 1977c. 


References 


lucci,  N.,  M.  Parisi,  M.  Storini,  and  G.  Villoresi,  A study  of  the  Forbush  decrease 
effect:  the  origin  and  the  development  in  the  interplanetary  space.  Internal 
Report  of  Space  Plasma  Laboratory  - 77-2,  Rome,  February  1977a^ 

lucci,  N.,  S.  Orsini,  M.  Parisi,  M.  Storini,  and  G.  Villoresi,  The  interplanetary 
perturbation  associated  with  Forbush  decreases,  in  Conference  Papers  o' 

15th  International  Cosmic  Ray  Conference,  3,  341,  I977b. 

lucci,  N. , S.  Orsini,  M.  Parisi,  M.  Storini,  and  G.  Villoresi,  Cosmic  ray 
perturbations  produced  by  fast  streams  coming  from  quiet  solar  regions,  in 
Contributed  Papers  to  the  Study  of  Travelling  Interplanetary  Phenomena/1977, 
edited  by  M.  A.  Shea,  D.  F.  Smart,  and  S.  T,  Wu,  AFGL-TR-77-0309, 
p.  209,  Air  Force  Geophysics  Laboratory,  Bedford,  Massachusetts,  1977c. 

King,  J,  H, , Interplanetary  Magnetic  Field  Data  Book,  National  Space  Science  Data 
Center-75-04,  Greenbelt,  April  1975. 

Marlani,  F.  , N.  F.  Ness,  and  B.  Bavassano,  Magnetic  field  measurements  by  Pi- 
oneer 8,  Internal  Report  of  Space  Plasma  Laboratory  - 71-22,  Rome,  July  1971. 

Solar  Geophysical  Data,  Reports  issued  by  the  Environmental  Data  Service  of  Na- 
tional Oceanic  and  Atmospheric  Administration,  Boulder,  1976. 


Dryer:  Your  model  has  interplanetary  magnetic  field  lines  connected 
back  to  the  sun  (as  shown  in  Figures  1 and  2) . Would  it  make  any 
difference  if  the  lines  were  not  connected  to  the  sun? 

Villoresi:  A closed  magnetic  structure  seems  to  be  preferable  for 
explaining  the  cosmic-ray  anisotropies  during  Forbush  decreases 
(see  Barnden,  L.  R.,  The  large  scale  magnetic  field  configuration 
associated  with  Forbush  decreases,  13th  International  Conference 
on  Cosmic  Ray,  Conference  Papers,  2,  1277,  1973)  and  the  large 
Forbush-decrease  amplitudes,  but  it  is  not  necessary  for  explaining 
the  corotation  of  the  modulated  region  which  is  the  basic  feature 
of  our  model . 
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D.  B.  Bucknam  and  H.  E.  Coffey 
World  Data  Canter  A for 
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Abstract 


A multidisciplinary  collection  of  data  relevant  to  the  ground  level  solar 
cosmic  ray  event  of  30  April  1976  (STIP  Interval  11)  is  presented.  This  is  a sam- 
ple collection  to  illustrate  a new  service  being  initiated  by  World  Data  Center  A 
for  Solar-Terrestrial  Physics.  Event-oriented  data  collections  for  specific  time 
periods  have  a particular  value,  especially  for  multidisciplinary  Investigations. 
World  Data  Center  A for  Solar-Terrestrial  Physics  has,  from  time  to  time  over  the 
years,  published  detailed  data  collections  for  specific  events  in  the  I'AC  Report 
series.  The  World  Data  Center  A for  Solar-Terrestrial  Physics  now  offers  to  nuke 
available  to  any  researcher  its  cap.abil ities  and  facilities  for  collecting  data  and 
organizing  them  in  a variety  of  useful  formats  to  satisfy  the  researcher's  needs. 
Special  event-oriented  data  collections  of  this  type  can  be  as  comprehensive  or  as 
narrow,  in  terms  of  data  from  associated  disciplines,  as  the  researcher  desires. 
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Research  workers  In  solar-cerrestrlal  physics  frequently  require  correlative 
data  pertinent  to  the  particular  event  they  are  studying.  Examples  are  the 
hydrogen-alpha  light-curve  characterization  of  the  solar  flare  to  compare  with, 
say,  helium  studies,  or  the  level  of  geomagnetic  activity  at  the  time  of  a rocket 
launch,  or  the  Interplanetary  magnetic  field  structure.  Because  of  the  data  ex- 
change arrangements  through  the  World  Data  Centers  (WDC) , each  WDC  has  a large 
amount  of  correlative  solar-t  rreatrlal  physics  (STP)  data.  Some  of  the  key  data 
are  published  In  one  place  or  another  and  are  extensively,  almost  automatically, 
used  In  a wide  variety  of  STP  research  studies.  Other  data  flow  to  the  WDCs  and 
are  cataloged  and  made  available  to  requesters.  But  many  scientists  are  not 
familiar  enough  with  what  data  are  available  to  know  what  to  request.  The  purpose 
of  this  paper  Is  to  describe  a standard  set  of  correlative  data,  which  as  almost  a 
routine  can  be  compiled  by  World  Data  Center  A for  Solar-Terrestrial  Physics  (WDC -A 
for  STP)  In  Boulder,  CO,  U.S.A.,  and  to  Illustrate  this  by  a correlative  data  set 
for  the  time  of  the  solar  flare  of  30  April  and  the  ensuing  geomagnetic  storm,  all 
within  STIP  Interval  II. 

In  the  past,  data  on  selected  STP  events  have  been  collected  for  publication 
in  special  data  reports.  In  the  "UAG  Report"  Series  by  WDC-A  for  STP.  Many  of 
these  collections  were  more  complete  than  the  type  of  event  package  now  being  pro- 
posed, but  took  longer  to  compile  since  they  Involved  data  which  were  not  normally 
exchanged  and  editing  of  discussions  by  many  authors.  Usually  they  dealt  with  the 
very  major  events  which  were  recommended  for  detailed  study  by  one  or  more  scien- 
tific orga.dzatlons  and  which  were  declared  to  be  "Retrospective  World  Intervals". 
These  published  data  reports  on  STP  events  invariably  Involved  extensive  worldwide 
Interchange  with  the  many  scientists  contributing  data  analysis  reports. 

The  new  service  of  WDC-A  for  STP  Is  aimed  at  packaging  standard  data  for  any 
events  of  Interest  to  one  or  more  STP  research  workers,  but  probably  not  to  the 
community  as  a whole.  It  would  not  be  economical  to  publish  these  packages,  but 
rather  they  would  be  provided  separately  at  the  cost  of  compilation. 

Along  with  WDCs  "B"  and  "C",  WDC-A  for  STP  routinely  collects  data  In  several 
solar-terrestrial  physics  disciplines  for  the  purpose  of  making  these  data  readily 
available  to  the  scientific  community.  Many  of  the  key  data  are  published  in  the 
monthly  "Solar-Geophysical  Data",  one  to  six  months  after  date  of  observation. 

Thus,  "Solar-Geophysical  Data"  (SGD)  is  a rapid  source  for  detailed  information  of 
solar-terrestrial  events.  But  for  any  given  short  event  Interval,  four  to  six 
Issues  of  SGD  would  have  to  be  searched  to  extract  all  the  relevant  Information. 
Thus,  part  of  the  "event  package"  would  be  extracts  from  SGD. 

Some  data  In  SGD  are  published  in  the  format  received.  Other  data  are  exten- 
sively reformatted.  A simple  example  of  reformatting  Is  the  compilation  of  data 
reports  from  several  observatories  into  one  chronologically-ordered  listing  such  as 
the  listing  of  solar  radio  bursts.  Another  more  elaborate  example  Is  the  digitizing 
of  analog  geomagnetic  records  from  several  observatories  to  produce  computer-gener- 
ated common-scale  magnetograms  having  the  same  time  and  Intensity  scales.  A similar 
technique  Is  used  to  produce  the  derived  AE  magnetic  Indices.  Some  degree  of  data 
quality  control  is  possible  as  in  the  processing  of  the  observatory  reports  of  solar 
flares;  we  try  to  verify  apparently  discordant  data. 

As  a first  step  a Multidisciplinary  Event-Oriented  Data  Collection  Is  compiled 
of  all  the  data  regularly  published  In  SGD  Into  one  package.  This  will  eliminate 
the  need  for  searching  many  Issues  of  SGD  for  the  relevant  data  for  the  event.  But 
further,  most  events  are  especially  significant  for  one  particular  reason;  In  the 
event  of  30  April  1976  which  we  are  using  as  illustration,  many  scientists  are 
particularly  Interested  In  the  cosmic  ray  ground-level  Increase  which  followed  the 
flare.  The  WDC-A  for  STP  has  many  data  sets  which  are  not  routinely  published  In 
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SCD,  but  which  may  be  extracted  to  be  Included  In  such  event  data  packages. 

(Appendix  A shows  the  Table  of  Contents  for  this  event  data  package.)  Furthermore, 
the  WDC  Is  able  to  request  from  the  monitoring  stations  faster  reporting  or  more 
detailed  data  than  are  normally  submitted  to  the  center,  once  the  key  data  parameters 
of  an  event  are  recognized.  In  the  case  of  the  30  April  1976  event,  we  specifically 
requested  more  detailed  cosmic  ray  data.  The  Index  to  the  detailed  cosmic  ray 
neutron  monitor  data  Is  shown  In  Appendix  B,  and  a stacked  plot  showing  the  ground 
level  Increase  as  seen  by  ten  of  these  stations  Is  shown  In  Appendix  C.  Thus,  the 
WDC  can  make  an  Initial  selection  of  data  of  special  Interest  beyond  those  normally 
published  In  SGD.  The  final  choice,  however,  can  be  left  to  the  scientist  requesting 
the  data.  To  the  best  of  the  capabilities  available  to  the  center  the  data  package 
will  be  tailored  to  meet  his  needs. 

WDC-A  for  STF  must  make  a nominal  charge  for  preparation  of  these  data  sets, 
currently  established  at  $50  U.S.  for  basic  data  from  SGD  plus  routine  "add-ons", 
as  selected  by  WDC-A  for  STP.  If  additional  requirements  are  Imposed  by  the  re- 
quester, the  cost  of  preparation  and  copying  may  be  greater.  Perhaps  an  extended 
event  data  package  can  be  cost  effective  only  If  several  scientists  request  the 
same  package  and  in  effect  share  the  extra  cost.  Sometimes  we  will  try  to  anticipate 
requests,  as  we  have  done  for  the  30  April  1976  event,  compile  the  data  packages 
and  announce  their  availability  to  the  STP  community. 

WDC-A  for  STP  is  able  to  undertake  providing  a service  of  this  scope  only 
because  of  the  contacts  established  through  the  World  Data  Center  system  over  the 
past  20  years.  In  many  scientific  areas  the  data  center  has  been  recognized  as  a 
necessary  and  valuable  intermediary  between  the  data  collectors  and  the  research 
scientists.  Often  scientists  would  have  great  difficulties  in  collecting  required 
data  If  the  World  Data  Centers  did  not  exist.  The  continued  value  of  the  data 
center  facility,  however,  depends  upon  its  ability  to  keep  up  with  the  ever  changing 
and  ever  Increasing  data  collections  and  increasing  data  needs.  The  WDCs  try  to 
stay  alert  to  new  data,  data  users,  and  new  emphases  and  trends.  In  this  they  need 
continuing  advice  and  stimulation  from  the  users  of  the  WDC  data  exchange. 
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INOCX  TO  DETAILED  COSMIC  RAY  NIUTRON  MONITOR  DATA 
Minutes  Oetes 


Cutoff 

Between 

Avail- 

Corrected  Uncorrected 

Station  Rloldltv  GV  Keadinas  able 

Values  Values 

Pressure 

Alert 

0.00 

5 

4/29-5/2 

/ (4/30-5/2)  X 

X 

Apatity 

0.61 

15 

4/25-5/5 

/ (4/30-5/3)  X 

X 

Chacaltaya 

12. 6« 

5 

4/25-5/5 

/ (4/30-5/1) 

X 

Deep  River 

1.07 

5 

4/29-5/2 

/ (4/30-5/2)  X 

X 

Ournain 

1.66 

5 

4/30 

/ / 

/ 

Goose  Bay 
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Figure  1.  ReUclvlsClc  Soler  Coainlc  Ray  Event  of  30  April  197A  aa  Obaerved  hy 
Varloua  Ground-Baaed  Neutron  Monltora 
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